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INTRODUCTION 


Amyotrophic  lateral  sclerosis  (ALS)  is  a  fatal  neurodegenerative  disease  characterized  by  the  progressive 
loss  of  motor  neurons,  leading  to  muscle  atrophy,  paralysis,  and  death  within  3-5  years.  Sporadic  (-90%  of  cases) 
and  familial  forms  of  the  disease  display  similar  clinical  and  pathological  features.  ALS  typically  affects  people 
between  40-70  years  of  age  (average  55  years)  with  an  incidence  of  -2  cases  per  100,000  individuals,  which 
corresponds  to  a  1  in  2000  lifetime  risk  to  develop  the  disease.  An  increased  prevalence  of  ALS  has  recently  been 
observed,  with  the  worldwide  affected  population  estimated  to  reach  -108,000  patients  by  2012  with  one-third 
residing  in  the  U.S.  It  has  recently  been  reported  that  Gulf  War  veterans  exhibit  a  significant  increased  risk  of 
developing  ALS,  and  extends  more  generally  to  the  military  service  outside  of  the  Gulf  War.  ALS  patients  are 
often  affected  in  the  prime  of  their  lives,  and  retain  full  intellectual  awareness  of  their  inexorably  declining  motor 
faculties  during  the  disease  progression.  There  is  no  effective  treatment  for  ALS;  riluzole,  a  presumptive  anti- 
glutamatergic  agent,  is  the  only  FDA- approved  therapeutic  drug  for  ALS,  which  only  extends  median  survival  by 
2-3  months.  The  genetic  linkage  of  several  mutations  in  the  gene  for  Cu/Zn  superoxide  dismutase  (SOD  1)  in 
some  cases  of  familial  ALS  (FALS)  provided  the  first  indication  of  a  potential  causal  factor  in  the  disease  process. 
Recent  studies  have  now  linked  FALS  to  sporadic  ALS  (SALS)  through  common  SOD1  containing  astrocytes, 
demonstrating  that  SOD1  is  a  viable  target  for  both  FALS  and  SALS,  providing  further  impetus  for  the 
identification  of  compounds  active  in  mutant  SOD1  disease  models.1  These  similarities  in  the  clinical  and 
pathological  features  of  FALS  and  SALS  has  led  investigators  to  use  the  FALS  phenotype  as  a  strategy  for 
elucidating  disease  pathogenesis  and  defining  novel  treatments  in  both  forms  of  the  disease.  Although  the 
underlying  biochemical  alterations  and  the  mechanisms  of  neuronal  degeneration  remain  unknown  in  ALS,  it  has 
been  postulated  that  protein  misfolding  and  aggregation  may  be  an  early  event  that  triggers  both  damaging  and 
compensatory  molecular  processes  and  genetic  programs  that  are  toxic  to  neurons,  altering  transcription  through 
the  sequestration  of  proteins  and  leading  to  activation  of  signaling  cascades  associated  with  mitochondrial 
dysfunction,  energy  metabolism  defects,  inflammation,  oxidative  stress,  apoptosis,  excitotoxicity,  and  global 
deleterious  effects  on  protein  homeostasis,  all  of  which  may  underlie  the  ALS  pathology.  Employing  a  high- 
throughput  screen  (HTS)  of  a  library  of  >50,000  compounds,  we  have  identified  three  chemotypes  (Figure  1), 
arylsulfanylpyrazolones  (AXP,  X  =  S),  pyrimidine-2, 4, 6-triones  (PYT),  and  cyclohexane- 1, 3 -diones  (CHD), 
which  provide  protection  from  toxicity  and  block  aberrant  protein  aggregation  caused  by  mutant  SOD1.  The  last 
year  has  been  focused  on  enhancing  potency  and/or  pharmacokinetic  properties  of  the  three  chemotypes,  testing 
our  best  compounds  from  last  year  at  different  doses  in  the  ALS  mouse  model,  and  investigating  possible 
mechanisms  of  action  of  the  compounds. 
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Figure  1.  Three  active  chemotypes  from  the  HTS 


BODY 

Biological  Activity  and  New  Analogue  Synthesis 

Primary  cell-based  assay  for  guiding  analogue  synthesis 

To  guide  analogue  synthesis,  we  utilize  a  cellular  model  in  which  cell  death  depends  on  the  expression  of 
G93A-SOD1.  Cytotoxicity  is  determined  in  cultured  PC  12  cell  lines  expressing  G93A-SOD1,  using  the  cell 
viability  reagent  Calcein  AM.  To  determine  potency,  analogues  are  tested  for  restoration  of  cell  viability  via  a 
dose  response  experimental  design  format.  Analogues  of  compounds  that  protect  against  mutant  SOD  1 -induced 
cytotoxicity  in  the  cell-based  assay  are  then  prioritized  for  in  vivo  studies  in  the  G93A  transgenic  mouse. 
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Originally,  Cambria  Pharmaceuticals  was  responsible  for  assay  design  and  implementation  and  had 
primary  responsibility  for  all  biological  assays.  As  a  consequence  of  the  closure  of  Cambria  in  2012,  the  assay 
technology  was  transferred  to  the  Morimoto  Laboratory  at  Northwestern  University.  To  ensure  accuracy  in  the 
transfer  of  technology,  we  began  by  testing  the  three  original  chemotypes  (Figure  1),  arylsulfanylpyrazolones 
(AXP,  X  =  S),  pyrimidine-2, 4, 6-triones  (PYT),  and  cyclohexane- 1,3-diones  (CHD),  identified  in  the  high- 
throughput  screen.  Consistent  with  previous  studies  at  Cambria,  we  found  that  these  three  scaffolds  provided 
protection  from  toxicity  caused  by  expression  of  mutant  SOD1.  After  demonstrating  the  successful  transfer  of 
the  cell-based  assay,  new  compounds  modified  from  the  AXP,  CHD,  and  PYT  cores  were  tested  to  direct  future 
structural  modifications.  This  report  covers  the  entire  period  of  grant  support. 

SAR  of  aryloxanylpyrazolones 

Once  the  ASP  class  of  compounds  was  identified,  numerous  analogues  were  made.  We  also  were 
interested  in  trying  to  determine  the  target(s)  of  action  of  this  class  of  compounds  ( vide  infra),  and  several 
biotinylated  analogues  were  made  for  pull-down  studies  (la-d).  The  in  vitro  EC50  of  1  (Ri  =  R2  =  H)  in  our  mutant 
SOD1-PC12  aggregation  assay  was  0.067  uM,  so  the  long,  bulky  side  chain  attached  to  N1  of  the  pyrazolone  ring 
did  not  appear  to  have  a  significant  effect  on  the  activity  of  the  parent  molecule;  it  appears  that  steric  hindrance 
is  not  a  problem  at  that  position.  Methylation  of  N1  of  1  (Ri  =  Me,  R2  =  H),  not  surprisingly,  also  had  a  similar 
EC50  (0.75  uM).  However,  the  N '^-dimethyl  analogue  (1,  Ri  =  R2  =  Me)  was  inactive!  This  was  telling  us 
something  very  important  about  the  N2-H.  Therefore,  we  carried 


Cl 


out  a  SAR  study  on  analogues  of  1  to  determine  the  importance  of  this  N-H,  and  the  results  are  summarized  in 
Table  1.  All  of  the  N1 -substituted  compounds  are  active  except  for  If,  j,  k,  and  o.  Compound  If  is  intriguing 
because  it  is  small  and  not  bulky.  It  was  thought  that  the  hydroxyl  group  of  the  hydroxyethyl  group  could  form 
an  intramolecular  hydrogen  bond,  via  a  6-membered  ring,  to  the  N2-H,  thereby  destroying  any  activity.  To  test 
that  hypothesis,  the  corresponding  hydroxypropyl  analogue  (lg)  was  made,  which  would  require  a  much  less 
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stable  7-membered  ring  intramolecular  hydrogen  bond,  and,  indeed,  activity  returned.  An  increase  in  electron- 
withdrawing  ability  should  also  have  an  important  effect  on  activity  because  of  its  decrease  in  pKa  of  N2-H.  In 
fact,  lh  and  li  have  increasingly  lower  activity,  and  lj,  lk,  and  lo  are  inactive,  as  expected  for  an  electron- 
withdrawing  effect.  To  further  confirm  these  results,  other  cycles  were  incorporated  in  place  of  the  pyrazolone 
ring  (2-4);  none  of  these  were  active.  These  results  support  the  importance  of  N2-H  in  its  activity,  presumably 
some  hydrogen-bonding  interaction  with  a  target  that  is  essential  for  activity.  It  also  has  guided  our  thinking  in 
terms  of  sites  for  attachment  of  groups  for  pull-down  mechanism  of  action  experiments. 


Table  1.  SAR  studies  of  substituted  pyrazolones. 
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a>32  |aM  indicated  EC50  not  reached  at  highest  concentration 


Amine  analogs  of  arylsulfanylpyrazolone  (ASP),  the  arylazanylpyrazolone  (AAP)  analogs 

Different  sulfur-containing  linkers  (X)  in  the  ASP  compounds  (see  Figure  1)  were  synthesized,  and  X  =  S 
was  most  potent.  However,  sulfide-containing  compounds  showed  rapid  metabolic  degradation.  When  X  =  O, 
the  metabolism  diminished  greatly,  and  when  an  analog  with  X  =  O  and  R  =  3,5-dichloro  was  administered  to 
the  G93A  ALS  mouse  at  20  mg/kg,  an  enhancement  in  life  expectancy  of  13%  was  observed  ( vide  infra).  This 
was  not  as  large  an  increase  as  was  hoped,  so  additional  dosing  studies  were  carried  out  ( vide  infra )  and  further 
modifications  to  the  ASP  structure  (CMB-087229),  varying  X,  were  made.  We  believe  that  greater 
enhancement  of  life  expectancy  was  not  attained  because  of  the  poor  bioavailability  of  the  compound.  As  such, 
additional  analogs  were  developed.  When  X  =  NH,  moderate  potency  (1.1  uM),  excellent  solubility  (>500  uM) 
and  plasma  stability  (>60  min),  good  microsomal  stability  (T1/2  95  min  with  human  and  30  min  with  mouse 
microsomes)  were  observed,  but  Caco-2  values  were  low,  predicting  poor  bioavailability:  A->B,  1.3  x  10"6  cm  s' 
1  and  B->A,  24.2  x  10"6  cm  s"1,  suggesting  an  efflux  substrate  (efflux  ratio,  ER  19.2).  We  suspected  that  the  NH 
may  be  responsible,  so  a  series  of  N-substituted  analogs  (ASP,  X  =  NR)  was  synthesized,  all  of  which  were 
active  (Figures  2-4).  Microsome  stability  also  improved  (T1/2  for  human  microsomes  >180  min).  Caco-2 
permeability  improved  considerably  for  the  N-Me  analog  (ER  3.5),  but  still  remained  out  of  the  optimal  range 
in  addition  to  having  low  permeability.  In  addition,  N-substituted  analogs  were  used  for  our  target  identification 
studies  (1 vide  infra). 
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Figure  2.  N-Substituted  analogs  based  on  the  N-methyl  derivative 
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Figure  3.  Effect  of  linker  length 


Figure  4.  Cyclic  analogs  and  pyrazolone  modified  analogs 


Because  alkylation  (R1  =  alkyl  or  arylalkyl)  gave  active  analogues  that  had  much  improved  microsome 
stability,  and  Caco-2  permeation  was  better,  we  continued  to  pursue  analogues  of  5  (Figures  5-9).  On  the  basis 
of  these  results,  a  SAR  is  depicted  in  Figure  10. 
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Figure  5.  Modification  of  the  aryl  moiety 
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Figure  6.  Modifications  of  the  pyrazolone  moiety 
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Figure  7.  Modification  of  the  N-substituent 


6 

Figure  8.  Modification  of  the  linker  length 
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Figure  9.  Modification  by  cyclization  of  the  linker 
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Figure  10.  SAR  summary 


Length  between  N  and  pyrazolone:  1 
Length  between  N  and  aryl:  0-1 


As  shown  in  Figure  8,  the  placement  of  the  nitrogen  atom  along  the  side  chain  is  important.  The  most  relevant 
site  for  our  studies  is  the  placement  in  the  middle  of  the  chain  (Figure  8,  6,  R1  =  Me,  R2  =  3,5-dichloro),  which 
was  comparable  in  potency  to  5  but  much  more  stable  in  microsomes  (>180  min,  human),  good  Caco-2 
permeability  and  low  efflux  ratio  (0.8).  The  importance  of  this  compound  is  that  the  nitrogen  basicity  of  6  (R1  = 
Me,  R2  =  3,5-dichloro)  (pKa  ~8.5)  is  much  greater  than  that  in  5  (R1  =  Me,  R2  =  3,5-dichloro)  (pKa  ~5); 
consequently,  salts  can  be  made  with  6.  Several  salts  were  made:  HC1,  citrate,  tartrate,  sulfate,  and  phosphate 
salts.  They  were  all  much  more  soluble  than  the  parent  molecule,  with  the  HC1  salt  being  the  most  soluble.  In 
animal  testing  with  these  compounds  it  was  observed  that  the  mice  were  severely  irritated  by  the  HC1  salt, 
mildly  irritated  by  the  tartrate  salt,  but  not  irritated  by  the  citrate  salt.  However,  citric  acid  was  not  sufficiently 
acidic  to  allow  the  salt  to  be  stable.  Therefore,  the  phosphate  and  sulfate  salts  were  made,  which  also  did  not 
irritate  the  animals. 


SAR  studies  with  cyclohexane-  1,3-dione  (CHD)  analogues 

We  had  found  that  one  of  our  most  potent  CHD  analogues  (CMB-086874, 7),  which  also  had  good  ADME 
properties,  exhibited  no  life  extension  of  the  ALS  mouse,  even  at  20  mg/kg.  However,  we  subsequently  found 
that,  unlike  all  other  active  compounds,  7  did  not  penetrate  neurons,  so  we  searched  for  CHD  analogues  that  could 
penetrate  neurons  and  identified  two  positive  structures  (8  and  9).  The  most  potent  (8c)  was  found  to 
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have  excellent  in  vitro  ADME  properties  in  terms  of  plasma  (T1/2  >60  min)  and  microsomal  stability  (T1/2  74  min, 
human;  52  min,  mouse  microsomes),  Caco-2  permeability  (24.1  x  10'6  cm  s"1)  with  low  efflux  ratio  (0.1),  and  no 
MTD  reached,  even  at  5  g/kg  after  5  days  (no  observable  toxicity).  ALS  mouse  studies  are  discussed  below. 


Animal  PK  and  Efficacy  Studies 

Effect  of  CMB-021805  on  SOD1  G93A  ALS  Mice 

Genetic  mouse  models  have  played  a  critical  role  in  the  study  of  human  neurological  disorders  by  providing 
accurate  and  experimentally  accessible  systems  to  study  mechanisms  of  pathogenesis,  to  characterize 
biomarkers  of  disease,  and  to  test  potential  therapeutic  strategies  for  translation  in  patients  with 
neurodegenerative  diseases.  The  G93A  mutant  SOD1  transgenic  mouse  model  is  one  of  the  most  widely 
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employed  models  of  ALS  as  it  replicates  many  of  the  symptoms  observed  in  ALS  patients.  The  similarities  in 
the  clinical  and  pathological  features  of  familial  and  sporadic  ALS  has  led  investigators  to  use  the  familial  ALS 
phenotype  (G93A  mice)  as  a  strategy  for  elucidating  disease  pathogenesis  and  defining  novel  treatments  for 
both  forms  of  the  disease.  In  our  original  submission  we  showed  that  compounds  from  PYT  (CMB-021805), 
ASP  (CMB-087229),  and  CHD  (CMB-086874)  scaffolds  were  efficacious  in  the  protein  aggregation  assay.  The 
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PYT  molecule,  CMB-021805,  was  chosen  as  the  first  NCE  compound  for  testing  in  the  G93A  ALS  mouse 
model.  Behavioral  results  of  Open-Field  analysis  showed  a  marked  significant  protective  effect  in  a  dose 
dependent  manner  using  CMB-021805  (Figure  11). 


Figure  11.  Open  field  test  results  using  CMB-021805  are  dependent  on  motor  performance  and  can  be  evaluated  via  multiple  parameters. 
One  easy  way  to  conceptualize  this  parameter  is  ‘resting  time’  (graph  B).  As  disease  develops  in  the  animals,  their  muscles  become 
weak  and  they  need  to  spend  more  time  resting.  In  graph  B  the  resting  time  for  the  wild  type  (healthy)  animals  changes  little  over  time. 
Untreated  ALS  animals  begin  to  rest  significantly  more  in  week  14-15  as  disease  becomes  more  severe.  Disease  is  so  severe  in  week 
18-19  that  these  untreated  mice  become  untestable.  CMB-021805  was  effective  in  decreasing  resting  time  during  this  period.  There 
was  a  dose-dependent  improvement,  with  the  greatest  improvement  at  the  highest  dose  (10  mg/kg). 


Also,  CMB-012805  treatment  significantly  extended  survival  in  the  G93A  ALS  mice  in  a  dose  dependent 
manner  in  comparison  to  untreated  G93A  mice  (Figure  12).  We  extended  these  studies  by  increasing  the  dose 
administration  to  20  mg/kg  (Figure  8B). 
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Figure  12.  Kaplan-Meier  Survival  Curve  of  Dose  Response  Using  CMB-021805  in  G93A  mice.  Figure  A  includes  0.1,  1,  and  10 
mg/kg  dosing,  while  Figure  B  includes  20  mg/kg  dosing. 

These  experiments  resulted  in  a  remarkable  improvement  in  survival  extension  resulting  in  11.9%  and  26.4% 
extension  in  lifespan  in  the  10  mg/kg  and  20  mg/kg  highest  doses,  respectively  (untreated  G93A  mice:  124.6  ± 
3.7  days;  0.1  mg/kg  CMB-021805-treated  G93A  mice:  126.5  ±  4.3  days;  1  mg/kg  CMB21805-treated  G93A 
mice:  131.2  ±  5.1  days;  10  mg/kg  CMB-0218051-treated  G93A  mice:  139.4  ±  5.9  days,  p<0.01;  20  mg/kg 
CMB-021805-treated  G93A  mice:  157.5  ±  11.7  days,  p<0.01).  Since  our  original  submission,  we  have  extended 
our  efficacy  studies  administering  CMB-021805  and  CMB-087229  in  G93A  ALS  mice.  We  performed 
maximum  tolerated  dose  studies  to  ensure  that  each  had  similar  outcomes.  Since  the  half-life  of  CMB-021805  is 
relatively  short,  we  carried  out  additional  dosing  trials  in  the  G93A  mice  administering  30  mg/kg  and  10  mg/kg 
BID,  along  with  20  mg/kg  CMB-021805  for  comparison  to  the  previous  trial.  These  additional  studies  provided 
critically  vital  information  in  the  evaluation  of  CMB-021805  and  demonstrated  that  the  results  are  reproducible. 
The  30  mg/kg  dose  resulted  in  no  significant  increase  in  survival  over  20  mg/kg,  suggesting  that  this  dosing 
level  was  near  to  the  cumulative  toxicity  level.  While  the  20  mg/kg  dose  was  the  same  as  that  previously 
observed  (25.5%  survival  extension),  the  10  mg/kg  BID  dose  resulted  in  almost  31%  life  extension  in  the  G93A 
mice!  This  finding  is  second  to  none  and  higher  than  any  result  reported  in  this  animal  model  (Figure  13). 

These  survival  findings  have  now  been  replicated  in  the  Ferrante  laboratory. 


Survive!  CMS21S0S 


Figure  13.  CMB-021805  treatment  significantly  extended  onset  of  death  and  survival  in  the  G93A  ALS  mice  in  a  dose  dependent 
manner,  in  comparison  to  untreated  G93A  mice.  Survival  extension  was  significant  at  the  20  mg/kg  and  10  mg/kg  bid  doses.  The  30 
mg/kg  dose  of  CMB-021805  did  not  significantly  extend  life  span  mice  (untreated  G93A  mice:  125.25±4.3  days;  30  mg/kg  CMB- 
021805-treated  G93A  mice:  127.6+4.7  days,  p<0.42;  20  mg/kg  CMB-021805-treated  G93A  mice:  157.2+10.1  days,  p<0.01;  10  mg/kg 
bid  CMB-021805 -treated  G93A  mice:  163.8+12.2  days,  p<0.01).  Survival  extension:  25.5%  at  20  mg/kg;  30.8%  at  10  mg/kg  BID. 

Neuropathological  analysis  in  untreated  G93A  mice  at  120  days  revealed  marked  gross  spinal  cord 
atrophy,  with  neuronal  loss  in  the  ventral  horns  from  the  lumbar  spinal  cord  in  untreated  G93A  mice,  in 
comparison  to  wild  type  littermate  control  mice  (Figure  14).  The  pathology  findings  in  the  untreated  G93A 
mice  were  significantly  reduced  by  CMB-021805  (20  mg/kg)  administration.  There  was  significant  gross 
atrophy  of  the  lumbar  spinal  cord  in  untreated  G93A  mice,  in  comparison  to  WT  littermate  control  mice  (WT 
littermate  control:  3.26  ±  0.21  x  106  pm3,  untreated  G93A  mice:  2.15  ±  0.42  x  106  pm3,  P<0.001)  with 
significant  amelioration  of  gross  spinal  cord  atrophy  in  CMB-21805-treated  mice  at  the  20  mg/kg  dose  (CMB- 
021805-  treated  G93A  mice:  3.05  ±  0.27  x  106pm3,  p<0.01).  The  gross  atrophy  was  largely  associated  with  the 
ventral  horn  of  the  lumbar  spinal  cord  (WT  littermate  control:  7.07  ±  0.37  x  105  pm3,  untreated  G93A  mice: 

4.97  ±  0.53  x  105  pm3 ,  p<0.01)  and  was  significantly  improved  by  CMB-021805  (20  mg/kg)  treatment  (CMB- 
021805-treated  G93A  mice:  6.68  ±  0.41  x  105  pm3,  p<0.05).  Consistent  with  the  above  findings,  there  was 
marked  ventral  horn  neuronal  loss  in  the  untreated  G93A  mice,  as  compared  to  the  WT  littermate  control  mice 
(WT  littermate  control:  96.4  ±  11.2;  untreated  G93A  mice:  23.7  ±  17.3,  p<  0.0001)  (Figure  14A  and  C),  with 
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significant  reduction  in  neuronal  loss  as  a  consequence  of  CMB-021805  administration,  in  comparison  to  the 
untreated  G93A  mice  (CMB-021805-treated  G93A  mice:  69.7  ±  14.1,  p<0.05)  (Figure  14B). 


Figure  14.  Neuroprotective  effects  of  CMB-021805  (20  mg/kg)  in  the 
lumbar  spinal  cord  in  G93A  transgenic  ALS  mice.  Nissl  staining  of  the 
lumbar  spinal  cord  from  (A)  wild-type  mice,  (B)  G93A  mice  treated 
with  CMB-021805,  and  (C)  untreated  G93A  mice  shows  a  marked 
gross  atrophy  in  untreated  G93A  mice.  Treatment  with  21805 
significantly  improved  the  gross  neuropathological  changes,  as  shown 
in  Figure  B  and  B*.  High  magnification  photomicrographs  of  Nissl 
staining  in  the  ventral  horn  from  the  same  sections  in  A,  B,  and  C  of 
the  lumbar  spinal  cord  from  (A*)  wild-type  mice,  (B*)  G93A  mice 
treated  with  21805,  and  (C*)  untreated  G93A  mice  demonstrates 
ventral  neuron  loss  and  atrophy  in  untreated  G93A  mice.  The  treatment 
with  21805  markedly  improved  these  neuropathological  changes. 


Furthermore,  the  neuropathology  results  showed  a  significant  neuroprotection  from  the  gross  loss  of 
white  and  grey  matter  in  CMB-021805  treated  G93A  mice  at  126  days,  by  26%  and  28%,  respectively  (Figure 
15).  Stereological  analysis  demonstrated  a  36%  reduction  in  the  loss  of  ventral  horn  neurons.  These  results 
confirm  and  extend  the  earlier  studies  using  CMB-021805. 


Figure  15.  Neuropathology  analysis  of  the 
10  mg/kg  BID  dose  of  CMB-021805  at  126 
days  showed  marked  improvement  in  both 
gross  tissue  loss  of  white  and  grey  matter  in 
the  spinal  cord  of  treated  G93A  mice  (C)  in 
comparison  to  untreated  G93A  mice  (B)  at 
26%  and  28%,  respectively.  There  was  36% 
reduction  in  ventral  horn  neuron  loss  in  the 
CMB -02 1805 -treated  G93A  mice. 


Effect  of  CMB-087229  on  SOD1  G93A  ALS  Mice 

The  ASP  molecule,  (CMB-087229,  la),  also  showed  significant  dose-dependent  extension  in  survival.  Control 
and  transgenic  mice  of  the  same  age  (±  3  days)  and  from  the  same  “f”  generation  were  selected  from  multiple 
litters  to  form  experimental  cohorts.  The  tolerable  dose  range  for  la  was  determined  in  wild-type  mice  by 
increasing  the  dose  b.i.d.  one-fold  at  each  ip  injection;  the  maximum  tolerated  dose  was  75  mg/kg.  On  the  basis 
of  the  studies  performed  to  determine  tolerance  and  blood  brain  levels,  the  dose  levels  of  1.0,  10,  and  20  mg/kg 
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once  a  day  were  administered,  starting  at  6  weeks  of  age,  throughout  the  lives  of  the  G93A  mice. 
Administration  of  la  resulted  in  a  significant  extension  in  survival  in  the  G93A  ALS  mice  in  a  dose  dependent 
manner  in  comparison  to  untreated  G93A  mice  (Figure  16A).  The  most  efficacious  dose  (20  mg/kg)  resulted  in 
a  life  extension  of  13.4%.  In  addition,  motor  performance,  as  measured  by  open  field  analysis  in  distance 
traveled  at  the  20  mg/kg  dose  was  significantly  improved  over  the  untreated  from  8-11  weeks  (Figure  16B). 


A. 


B. 


Figure  16.  A.  Kaplan-Meier  plot  of  la-treated  SOD1  G93A  ALS  mice:  untreated  group,  125.7  ±  4.9  days; 
group  1  (1  mg/kg),  129.2  +  5.3  days;  group  2  (10  mg/kg),  135  ±  5.5  days;  group  3  (20  mg/kg),  142.5  +  8.2  days; 
p  <  0.05.  B.  Motor  performance  as  measured  by  open  field  showed  that  the  la  20  mg/kg  dose  was  significantly 
improved  between  8  and  11 -week  time  points. 


We  carried  out  an  additional  dosing  trial  in  the  G93A  mice  administering  30  mg/kg  and  10  mg/kg  BID, 
along  with  20  mg/kg  CMB-087229,  as  we  had  done  with  CMB-021805  (Figure  17).  These  results  did  not 
extend  survival  more  than  the  13%  that  we  observed  in  the  first  trial.  Body  weight  analysis  showed  no 
significant  difference  from  the  20  mg/kg  dosing.  Survival  studies  also  showed  no  significant  difference  with 
either  30  mg/kg  or  10  mg/kg  BID.  The  neuropathology  findings  were  not  significantly  different,  as  well,  at  any 
dose.  Therefore,  we  concluded  that  CMB-087229  might  have  reached  its  greatest  efficacy  at  20  mg/kg  with  an 
approximate  13%  survival  extension. 


229  Survival  Weights 

SO 

25 


«  20 


10 


5 


0 

Vffki.  frwt*  7wfc>  9wfe)Ov*atv*a.N'AUJ«*U4a*tl!>«4i» 

A 


20  mR/icjt 


30  mft/Vg 


lO  mg/kfl  BID 


i  intreatM 


Wikrtvini 


229  Survivorship 

L  1 

MiMhnMM 

t  1 

11 

LLj 

m 

\ 

L 

-o-w  1 

1 

•  w  rt  •<  l»  M 

it* 

B 


Figure  17.  Body  weight  change  showed  no  significant  differences  using  CMB-087229  at  30  mg/kg  and  10  mg/kg  BID  (A).  In 
addition,  there  were  no  significant  differences  in  survival  over  that  of  the  20  mg/kg  dose  at  13%  increase. 


Neuropathology  analysis,  using  the  most  efficacious  dose  in  the  survival  and  open  field  analyses  of  20 
mg/kg,  showed  that  gross  atrophy  of  the  spinal  cord  was  not  significantly  different  in  la-treated  versus 
untreated  G93A  mice,  although  greater  than  the  untreated  group.  While  there  was  a  reduction  in  gross  atrophy 
of  the  lumbar  spinal  cord  in  la-treated  G93A  mice,  in  comparison  to  untreated  G93A  mice  (untreated  G93A 
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mice:  2.26  ±  0.44  x  106|am3;  la-treated  G93A  mice:  2.61  ±  0.27  x  106pm3,  p<0.48)  it  was  not  significant. 
Consistent  with  the  above  findings,  there  was  no  significant  reduction  in  ventral  horn  neuronal  loss  in  the  la- 
treated  G93A  mice,  as  compared  to  the  untreated  G93A  mice  (untreated  G93A  mice:  26.3  ±  17.2;  la-treated 
G93A  mice;  45.1  +  15.3,  p<0.42),  although  there  was  a  greater  number  of  neurons  remaining  in  the  la-treated 
mice. 

In  vivo  half-life  of  8c  and  activity  in  the  SOD1  G93A  ALS  mouse  model 

Maximum  blood  levels  of  8c  (CMB-087820)  by  i.p.  administration  occurred  at  12  h,  but  brain 
penetration  was  only  8.3  uM.  Control  and  transgenic  mice  of  the  same  age  (±  3  days)  and  from  the  same  “f  ’ 
generation  were  selected  from  multiple  litters  to  form  experimental  cohorts.  The  tolerable  dose  range  for  8c  was 
determined  in  wild-type  mice  by  increasing  the  dose  b.i.d.,  and  the  maximum  tolerated  dose  was  over  5  g/kg 
with  a  cumulative  dose  of  10  g/kg.  On  the  basis  of  the  ADME  and  MTD  studies,  the  dose  levels  of  10,  20,  and 
30  mg/kg  were  administered  daily,  starting  from  6  weeks  of  age  to  the  end  of  life  of  the  G93Amice. 
Administration  of  8c  resulted  in  a  13%  extension  in  survival  at  20  mg/kg  compared  to  untreated  G93A  mice 
(Figure  18).  This  result  is  slightly  better  than  that  observed  for  the  only  FDA  approved  drug  riluzole,  which 
showed  a  lifespan  extension  of  10-1 1%  at  22  mg/kg  in  the  same  animal  model.  Possibly  the  reason  better  life 
extension  was  not  obtained  with  8c  was  because  brain  penetration  was  found  to  be  only  8.3  uM,  a  few  percent 
of  the  blood  level,  which  may  account  for  the  relatively  low  activity  observed. 


Figure  18.  Kaplan-Meier  plot  of  8c-treated  SOD1  G93A  ALS  mice:  untreated  group,  125.7  ±  4.3  days;  group  1 
(10  mg/kg),  139.2  ±  8.3  days;  group  2  (20  mg/kg),  142.0  ±  9.1  days  (p  <  0.03);  group  3  (30  mg/kg),  127.9  +  4.7 
days;  p  <  0.05).  CMB-087820  is  8c. 

Neuropathology  analysis  in  untreated  G93A  mice  at  120  days  revealed  marked  gross  spinal  cord 
atrophy,  with  neuronal  loss  in  the  ventral  horns  from  the  lumbar  spinal  cord  in  untreated  G93A  mice,  in 
comparison  to  wild  type  littermate  control  mice.  The  pathology  findings  in  the  untreated  G93A  mice  were  not 
significantly  reduced  by  8c  (20  mg/kg)  administration,  the  best  dose  found  in  the  behavioral  and  survival 
analyses.  While  there  was  a  reduction  in  gross  atrophy  of  the  lumbar  spinal  cord  in  8c-treated  G93A  mice,  in 
comparison  to  untreated  G93A  mice  (untreated  G93A  mice:  2.15  ±  0.46  x  106  pm3;  8c-treated  G93A  mice:  2.45 
±  0.29  x  106  pm3,  p<0.57)  it  was  not  significant.  Consistent  with  the  above  findings,  there  was  no  significant 
reduction  in  ventral  horn  neuronal  loss  in  the  8c-treated  G93A  mice,  as  compared  to  the  untreated  G93A  mice 
(untreated  G93A  mice:  25.1  ±  16.8;  8c-treated  G93A  mice;  39.2  ±  14.1,  p<0.38). 

In  vivo  half-life  of  the  phosphate  salt  of  6  (R1  =  Me,  R2  =  3,5-dichloro)  and  activity  in  the  SOD1  G93A 
ALS  mouse  model 

Eight  wild-type  mice  were  given  increasing  doses  of  the  phosphate  salt  of  6  (R1  =  Me,  R2  =  3,5-dichloro) 
injected  IP  twice  per  day,  starting  at  40  mg/kg  and  doubling  with  every  dose  thereafter.  After  640  mg/kg  was 
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injected,  50%  of  mice  began  to  show  mild  symptoms  of  discomfort,  including  huddling,  piloerection,  trembling 
and  an  altered  gait.  After  1280  mg/kg,  50%  of  mice  showed  severe  adverse  affects,  including  a  decrease  in 
body  temperature,  altered  breathing,  and  severely  impaired  movement.  After  2560  mg/kg,  25%  of  the  mice 
were  dead.  Thus,  the  MTD,  defined  as  the  maximum  dose  at  which  no  adverse  effects  were  seen,  is  320  mg/kg. 
The  phosphate  salt  of  6  (R1  =  Me,  R2  =  3,5-dichloro)  has  good  blood-brain  barrier  penetration  with  a  T1/2  of  3  h; 
the  brain:blood  ratio  is  0.9  (Figure  19). 
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Figure  19.  Blood  and  brain  concentration  of  the  phosphate  salt  of  6  (R1  =  Me,  R2  =  3,5-dichloro)  after  injection 
with  300  mg/kg. 


Mice  received  daily  injections  of  20  mg/kg  of  the  phosphate  salt  of  6  (R1  =  Me,  R2  =  3,5-dichloro).  The 
cohorts  were  made  of  12  male  mice  each  and  distributed  based  on  parentage,  weight  and  genotype.  IP 
injections  of  drug  began  at  30  days  of  age  and  continued  until  death.  There  was  a  slight,  but  not  significant, 
difference  between  the  treated  and  untreated  animals  with  regard  to  distance  traveled,  resting  time,  ambulatory 
time,  ambulatory  counts,  body  weight,  and  survival. 

We  continued  to  breed,  characterize,  and  maintain  selective  stocks  of  transgenic  mutant  G93A  ALS 
mice  and  littermate  control  mice  for  the  drug  discovery  and  translational  studies.  Fifteen  breeding  triads  (1 
male,  2  females)  were  organized  every  2  months,  and  on  average  eight  pups  were  born  per  litter.  Seventy  five  to 
eighty  percent  of  the  dams  became  pregnant,  which  provided  100  littermate  wild  type  and  100  mutant  G93A 
mice.  All  mice  were  genotyped  and  ear  tagged  at  15  days  to  ensure  proper  placement  into  the  studies.  Mice 
were  weaned  at  21  days  and  placed  into  experimental  cohorts  for  maximum  tolerated  dose,  PK,  or  in  vivo 
preclinical  trials.  Mutant  SOD1  copy  number  was  analyzed  to  ensure  that  the  mice  were  genetically  comparable 
and  that  there  had  not  been  a  change  in  the  mutant  gene  copy  number.  Male  mice  were  used  as  breeders  for  the 
next  generation.  The  MTD  and  PK  studies  required  10  and  18  mice,  respectively.  The  preclinical  trials  required 
50  mice,  40  mutant  G93A,  and  10  littermate  control  wild  type  mice. 


Maximum  Tolerated  Dose  (MTD)  and  Pharmacokinetic  (PK)  Studies  of  Other  Analogues 

We  performed  MTD  and  PK  studies  using  nine  novel  compounds  generated  in  the  Silverman  laboratory. 
Some  studies  were  repeated  because  they  were  a  new  batch  of  compound  or  to  resolve  toxicity  issues.  The 
compounds  included  CMB-087229  (la),  CMB-087816  (10),  CMB-086874  (7),  CMB-021805  (11),  CMB- 
087839  (6,  R1  =  CH3,  R2  =  3,5-dichloro),  CMB-087885  (12,  X'  =  chloride),  12  (X‘  =  tartrate),  12  (X‘  =  citrate), 
12  (X-  =  phosphate),  and  CMB-087822  (9c).  Repeat  MTD  and  PK  analyses  were  completed  on  new 
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compound  shipments  of  la  and  11  to  ensure  that  their  activity  was  comparable  to  the  previously  synthesized 
agents.  These  agents  were  used  in  a  novel  or  repeat  preclinical  trial  with  G93A  mice  and  for  mechanistic 
studies.  Compounds  10  and  7  failed  to  reach  MTD  with  a  dose  of  5,000  mg/kg. 


A  summary  of  the  animal  efficacy  studies  is  shown  in  Table  2. 


Table  2.  Summary  of  Advanced  Compound  Status 

Compound 

Scaffold 

Structure 

Kev  observations 

CMB- 
021805  11 

PYT 

cr^v^o 

MTD  =100  mg/kg,  excellent  oral  absorption,  good 
BBB  penetration  (-33%  blood  level),  short  half  life 
(-60  min  in  vitro,  -45  min.),  maximum  31% 
lifespan  extension  in  ALS  mice 

CMB- 
087816  10 

PYT 

F cyy>  yvF 

F  F  X  F  F 

MTD  >5000  mg/kg,  short  half  life  (-80  min  in 
vitro) 

CMB- 
087229  la 

AXP, 

x  =  o 

Cl 

Cl  N'NH 

h 

MTD  =  75  mg/kg,  good  BBB  penetration  (-55% 
blood  level),  maximum  13%  lifespan  extension  in 
ALS  mice,  poor  bioavailability? 

CMB- 
087839  6 

AXP, 

X  =  NR 

y  ch3  h 

Cl 

MTD  LDso  =  1280  mg/kg 

CMB- 
087889  12 

AXP, 

X  = 

NHR 

rVT*N'NH 

y  ch3  h 

Cl 

Chloride  and  tartrate  salts  are  irritants  in  mice  - 
phosphate  salt  was  well  tolerated  with  MTD  320 
mg/kg 

CMB- 
086874  7 

CHD 

0^.0 

MTD  =  75  mg/kg,  excellent  BBB  penetration 
(100%  blood  level),  in  vitro  half  life  >180  min.,  no 
effect  on  lifespan  in  ALS  mice,  inactive  on  neurons 
and  most  other  cell  types 

CMB- 
087820  8c 

CHD 

o?o 

F3C-^i^CF3 

MTD  >5000  mg/kg,  in  vitro  half  life  -60  min.,  13% 
lifespan  extension  in  ALS  mice,  poor  brain 
penetration  (few  %  of  blood  level) 

CMB- 
087822  9c 

CHD 

F3c^^ . cf3 

MTD  =  1280  mg/kg 

In  Vivo  C.  elegans  Model  Studies 

Pharmacological  and  genetic  approaches  were  integrated  using  Morimoto’s  previously  described  C. 
elegans  model  for  ALS.2  C.  elegans  has  several  characteristics  that  make  it  ideal  for  drug  studies,  including  a 
short  lifecycle,  small  size,  and  ease  of  culturing  in  liquid.  Furthermore,  decades  of  genetic,  and  neurobiological 
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and  antiparasitic  drug  studies  in  C.  elegans  provide  a  strong  foundation  for  use  of  this  organism  in  experiments 
designed  to  uncover  pathways  involved  in  a  compound’s  mechanism  of  action.  The  Morimoto  C.  elegans  ALS 
models  express  wild  type  and  three  mutant  SOD1  variants  (G85R,  G93A,  and  127X)  in  body  wall  muscle  cells. 
The  ability  to  employ  dynamic  imaging  in  live  animals  allows  the  visualization  of  the  SOD1  protein  in  the  muscle 
cells.  While  WT  SOD1  protein  remains  soluble,  all  three  mutant  SOD1  proteins  form  aggregates  in  early 
development.  Expression  of  these  aggregation-prone  proteins  caused  a  decrease  in  motility  (25-30%  compared  to 
wild  type),  indicating  toxicity.  Taking  advantage  of  these  phenotypes,  our  compounds  were  tested  to  determine 
if  they  could  suppress  protein  aggregation  and  toxicity  in  the  C.  elegans  model.  If  the  compounds  reduced 
aggregation  and  toxicity  significantly,  genetic  approaches  could  be  employed  to  identify  pathways  of  drug  action. 


To  determine  whether  the  compounds  protect  cells  against  the  toxic  effects  of  aggregated  variants  of 
SOD1,  each  lead  compound  and  several  of  their  analogues  were  tested  for  their  ability  to  restore  motility  in  the 
C.  elegans  model.  Since  the  lead  compounds  reduced  cytotoxicity  in  PC  12  cells  expressing  mutant  G93A  SOD1, 
the  C.  elegans  model  expressing  G93A  was  utilized  to  test  whether  the  compounds  improve  motor  performance. 
Motility  of  animals  was  calculated  by  capturing  movies  using  SimplePCI.  Using  ImageJ,  the  position  of  all 
animals  was  determined  and  animals  were  tracked.  The  length  of  the  track  was  calculated  as  the  sum  of  the  lengths 
of  all  movement  vectors.  The  average  speed  (pixels  per  frame)  was  the  sum  of  all  movement  vectors  divided  by 
the  total  number  of  vectors  (tracks).  Speeds  were  converted  from  pixels  per  frame  into  body  lengths  per  sec 
(BLPS).  G93A  expressing  animals  were  treated  with  three  different  concentrations  of  compounds,  10  pM,  100 
pM,  and  1.5  mM.  In  some  cases,  addition  of  the  drug  at  high  concentrations  yielded  toxicity.  The  highest 
concentration  that  was  not  toxic  to  the  animals  was  selected  for  motility  tests.  Geldanamycin  (GA),  a  compound 
that  inhibits  the  chaperone  HSP90  and  induces  expression  of  other  chaperones,  restored  motility  to  near  wild  type 
levels,  as  anticipated  (the  speed  of  wild  type  is  0.071+/-0.008  BLPS,  G93A  is  0.044+/-0.002,  and  the  speed  of 
geldanamycin  treated  animals  is  0.061+/-0.005)  (Figure  20).  The  test  compounds  did  not  perform  as  well  as 
geldanamycin,  reaching  speeds  of  0.053  BLPS,  but  the  compounds  did  provide  protection  in  the  cytotoxicity 
screen  by  partially  suppressing  the  motility  defect.  Therefore,  the  ability  of  a  subset  of  compounds  to  reduce 
aggregation  of  G93A  was  tested.  A  small  decrease  in  overall  aggregation  of  G93A  was  observed,  reflecting  the 
small  improvement  in  motility.  However,  with  the  goal  of  utilizing  genetic  manipulations,  these  differences  in 
aggregation  and  toxicity  are  not  robust  enough  to  employ  genetic  screens  to  dissect  the  mechanism  of  drug  action. 
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Figure  20.  Compounds  reduce  the  toxicity  associated  with  expression  of  G93A 
in  body  wall  muscle  cells.  The  ASP  (A),  CHD  (B)  and  PYT  (C)  scaffolds  and 
their  analogs  were  tested  for  suppression  of  the  motility  defect  caused  by  G93  A. 
The  body  length  per  sec  (BLPS)  of  wild  type  animals  is  0.071+/-0.008.  G93A 
expressing  animals  move  at  a  rate  of  0.044+/-0.002;  the  speed  of  geldanamycin 
treated  animals  was  0.061+/-0.005.  The  largest  improvement  for  each  scaffold 
was  ASP-2  (0.052+/-0.008),  CHD-Lead  (0.051+/-0.005)  and  the  PYT-Lead 
(0.05 1+/-0. 005).  Those  with  p<0.05  are  highlighted  (*). 


Previous  efforts  focused  on  the  C.  elegans  ALS  models 
that  express  wild  type  and  three  mutant  SOD1  variants  (G85R, 
G93A,  and  127X)  in  body  wall  muscle  cells.  While  WT  SOD1 
protein  remains  soluble,  all  three  mutant  SOD1  proteins  form 
aggregates  in  early  development.  Expression  of  these 
aggregation-prone  proteins  causes  a  decrease  in  motility  (25-30% 
compared  to  wild  type),  indicating  toxicity.  Taking  advantage  of 
these  phenotypes,  we  tested  whether  la,  7,  and  11  could  suppress 
protein  aggregation  and  toxicity  in  the  C.  elegans  model.  If  the 
compounds  reduced  aggregation  and  toxicity  significantly,  we 


could  employ  genetic  approaches  to  identify  pathways  of  drug  action.  We  found  that  the  test  compounds  did  not 
perform  as  well  as  geldanamycin,  but  the  compounds  did  provide  protection  in  the  cytotoxicity  screen  by 
partially  suppressing  the  motility  defect  of  G93A  expressing  animals.  Therefore,  we  tested  for  the  ability  of  la, 
7,  and  11  to  reduce  aggregation.  A  small  decrease  in  overall  aggregation  of  G93A  was  observed,  reflecting  the 
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small  improvement  in  motility.  However,  with  the  goal  of  utilizing  genetic  manipulations,  these  differences  in 
aggregation  and  toxicity  are  not  robust  enough  to  employ  genetic  screens  to  dissect  the  mechanism  of  drug 
action. 


Approaches  to  Target  Identification 

In  Vivo  Neurotoxicity  and  Gene  Profiling  Studies 

To  provide  a  better  understanding  of  the  mechanism  of  action  of  these  novel  analogs,  we  undertook 
neurotoxicity  and  gene  profiling  studies  in  both  G93A  and  G85R  models  of  ALS.  We  have  performed  gene 
array  studies  that  have  provided  leads  consistent  with  disease  mechanisms.  These  findings  have  led  to  further 
experimental  studies  using  3-nitropropionic  acid  as  a  mitochondrial  inhibitor  resulting  in  mitochondrial 
dysfunction.  We  have  furthered  these  experiments,  completing  conformational  studies  in  the  G93A  mice. 

We  began  our  query  with  CMB-021805  by  looking  at  changes  in  a  general  neurotoxicity  PCR  array, 
profiling  the  expression  of  84  key  genes  involved  in  drug  and  chemical-induced  neurotoxic  responses 
(SABiosciences)  using  both  G93A  and  G85R  ALS  mouse  models.  Quantifiable  gene  expression  changes  that 
occur  prior  to  gross  morphological  changes  allow  an  earlier  identification  and  determination  of  neurotoxicity 
and  the  more  specific  mechanisms  behind  it.  The  organization  of  genes  by  their  predicted  direction  of 
expression  change  allows  for  a  more  exact  data  analysis.  Using  real-time  PCR,  we  analyzed  the  expression  of  a 
focused  panel  of  genes  involved  in  neurotoxicity.  Our  results  provided  a  number  of  hits,  the  greatest  of  which 
were  close  to  a  four-fold  change  and  associated  with  mitochondrial  protection  (superoxide  dismutase  2,  SOD2; 
angiopoietin-like  4,  Angptl4;  and  Fas  ligand  TNF  superfamily,  FasL)  (Table  3  and  Figure  21).  Increased  SOD2 
is  especially  interesting,  as  we  have  previously  reported  that  crossing  experiments  with  SOD2  overexpressors 

Table  3.  Fas  ligand  (TNF  superfamily,  member  6)  APT1LG1,  CD178,  CD95L,  Fas-L,  Fas-Ligand,  Faslg, 
Tnfsf6,  gld,  superoxide  dismutase  2,  mitochondrial  MGC6144,  MnSOD,  Sod-2. 

Fold  Change 


C09 

Fasl 

0.000722858 

0.000181719 

3.977880675 

F09 

Sod2 

0.023947187 

0.006407601 

3.737309388 

A02 

Angptl4 

0.000103076 

0.000028752 

3.585066798 

Dll 

1110 

0.000033534 

0.000012343 

2.716972569 

A08 

Bdnf 

0.002624030 

0.001020859 

2.570412675 

B01 

Casp7 

0.163345657 

0.068109507 

2.398279828 

BIO 

Coll  2a  1 

0.000029601 

0.000012515 

2.365262 

Fll 

TnfrsflOb 

0.000089733 

0.000042095 

2.131693472 

F03 

Poulfl 

0.000018096 

0.000009035 

2.002774511 

F08 

Slcl6a3 

0.000204729 

0.000102933 

1.988940337 
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Figure  21.  Scatter  plot  of  select  genes 
associated  with  neuroprotection  in  the 
N2a  mutant  G85R  cell  line 


and  G93A  mice  is  neuroprotective  and  leads  to  increased  survival.3  The  next  group,  with  three-fold  change, 
included  brain-derived  neurotrophic  factor  (BDNF)  and  interleukin  10  (1110),  an  anti-inflammatory  cytokine, 
both  of  which  are  involved  in  neuroprotection  and  relevant  to  the  disease  process  in  ALS.  There  were  another 
half  dozen  genes  that  were  down  regulated  and  associated  with  apoptosis.  These  findings  provide  evidence  to 
suggest  that  mitochondrial  neuroprotection  might  be  involved  as  one  mechanism  of  action  for  CMB-021805.  As 
such,  we  next  used  a  model  of  mitochondrial  derangement,  administering  3-nitropropionic  acid  (a  selective 
inhibitor  of  the  mitochondrial  electron  transport  chain),  with  concomitant  administration  of  CMB-021805,  to 
determine  whether  any  further  evidence  of  neuroprotection  was  associated  within  the  mitochondrial  pathway. 
We  used  SABiosciences  PCR  array  profile  analysis,  monitoring  genes,  including  regulators  and  mediators  of 
mitochondrial  molecular  transport,  not  only  the  metabolites  needed  for  the  electron  transport  chain  and 
oxidative  phosphorylation,  but  also  the  ions  required  for  maintaining  the  mitochondrial  membrane  polarization, 
which  are  potentially  important  for  ATP  synthesis.  This  array's  genes  also  target  and  translocate  previously 
translated  and  folded  proteins  across  and/or  into  the  outer  and/or  inner  mitochondrial  membranes  and  even  into 
the  mitochondrial  matrix.  Indeed,  CMB-021805  not  only  slowed  neuronal  (N2a  G85R)  cell  death  after  3- 
nitropropionic  acid  administration,  but  it  also  provided  a  gene  array  profile,  indicating  mitochondrial 
improvement  (Figure  22).  In  this  experiment,  those  mitochondrial-associated  genes  that  were  down  regulated 
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Figure  22.  Scatter  plots  of  N2a  G85R  cells  treated  with  3-nitropropionic  acid  resulting  in  the  down-regulation  of  mitochondrial 
associated  genes  (A)  that  were  reversed  by  the  administration  of  CMB-021805. 


by  3-nitropropionic  acid  (e.g.,  aryl-hydrocarbon  receptor-interacting  protein,  Aip;  BCL2-antagonist/killer  1, 
Bakl;  fractured  callus  expressed  transcript  1,  Fxcl;  heat  shock  protein  90,  alpha  (cytosolic),  class  A  member  1, 
Hsp90,  and  solute  carrier  family  25,  Scl25  genes)  were  all  significantly  upregulated  by  the  administration  of 
CMB-021805.  These  findings  suggest  that  CMB-021805  is  neuroprotective  by  improving  mitochondrial 
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function. 

Lastly,  to  help  provide  evidence  for  confirmation  of  the  gene  changes  with  respect  to  CMB-021805,  we 
analyzed  the  expression  of  SOD2  and  BDNF  in  Western  analyses  from  in  vivo  experiments  in  G93A  ALS  mice. 
Mice  were  given  continuous  daily  intraperitoneal  injections  of  CMB-021805  (20  mg/kg)  for  two  weeks  and 
euthanized.  The  brain  was  immediately  quenched  and  analyzed.  Consistent  with  the  G85R  studies,  there  was 
significant  increased  expression  of  SOD2  and  BDNF  in  the  brains  of  treated  mice  in  comparison  to  untreated 
G93A  mice.  The  levels  of  each  protein  reached  that  observed  in  wild  type  mice  (Figure  23). 
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Figure  23.  Western  analysis  of  SOD2  (A)  and  BDNF  (B)  in  G93A  mice  treated  with  CMB-021805. 


Attempts  at  target  identification  via  pharmacological  and  functional  screening 

Compound  1  (Ri  =  R2  =  H)  was  sent  to  NIMH  Psychoactive  Drug  Screening  Program  at  the  University 
of  North  Carolina,  where  pharmacological  and  functional  screening  is  carried  out  on  a  large  number  of  CNS 
receptors,  channels,  and  transporters.  The  only  CNS  protein  in  the  tested  panel  affected  by  this  compound  was 
GPCR  metabotrophic  glutamate  receptor  5  (mGluRs),  which  was  antagonized  65%  at  10  uM  concentration. 
Antagonists  of  this  receptor  have  been  shown  to  be  therapeutic  in  ALS.4  However,  when  a  variety  of  known 
mGluR5  and  other  mGluR  receptor  antagonists  were  screened  in  our  cell-based  assay,  none  showed  any  activity 
(Table  4).  It  is  apparent  that  our  assay  is  not  sensitive  to  this  class  of  receptors,  and  it  is  therefore  highly 
unlikely  that  mGluRs  antagonism  is  the  primary  mechanism  for  the  activity  of  this  compound. 


Table  4.  Effect  of  metabotrophic  glutamate  receptor  antagonism  on  our  cell-based  assay 


Structure 

Name 

Target 

Potency 

(IC50) 

IMeuro  protection 
(ECS0) 

ACDPP 

mGluRS 

Ki  =  295  nM 

>32  uM 

b — O 

MPEP 

mGluRS 

36  nM 

>32  uM 

Fenobam 

mGluRS 

87  nM 

>32  uM 

F  ■--C=X.=.M  t 

DFB 

mGluRS 

3-5  fold 
potentiation 

>32  uM 

SIB 

mGluRS 

0.4  uM 

>32  uM 

‘“'C6 

LY  456236 

mGluRl 

143  nM 

>32  uM 

060 

LY  341495 

mGluR2/ 

mGluR3 

2.3  nM 

1.3  nM 

>32  uM 
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Approaches  to  Identify  the  Target  of  Activity  via  in  vivo  studies 

Our  most  promising  novel  compound,  CMB-021805  (11),  arose  from  the  pyrimidine  2,4,6-trione 
chemical  scaffold.  Compound  11  shows  superior  biological  performance  as  a  disease-modifying  therapeutic 
candidate,  with  excellent  drug  qualities,  very  low  toxicity,  superb  oral  and  blood  absorption,  and  good  blood- 
brain  barrier  penetration.5  We  have  furthered  these  experiments,  completing  confirming  studies  in  G93A  SOD1 
mice.  To  provide  a  better  understanding  of  the  biological  activity  of  these  novel  analogues,  we  have  expanded 
our  previous  findings  associated  with  the  biological  effects  of  compound  11.  We  have  identified  actions  of  11 
that,  in  addition  to  anti  protein-aggregation  properties,  improve  brain-derived  neurotrophic  factor,  reduces 
oxidative  stress,  modulates  aberrant  nucleosomal  dynamics,  and  significantly  ameliorates  mitochondrial 
dysfunction.  Moreover,  11  is  highly  neuroprotective  in  both  in  vitro  and  in  vivo  model  systems  of  ALS.  In  both 
clinically  presymptomatic  and  symptomatic  therapeutic  trials  in  ALS  mice,  11  had  dose-dependent  benefits, 
slowing  functional  motor  performance  decline,  and  markedly  ameliorating  the  neuropathological  phenotype 
observed  in  ALS  mice  after  clinical  disease  expression.  Consistent  with  the  improved  clinical  and  pathological 
phenotype,  we  have  also  found  that  11  is  neuroprotective  against  altered  signaling  cascades  in  ALS  mice.  These 
data  suggest  that  11  has  salient  pleiotropic  properties  that  may  provide  efficacy  in  ALS  patients. 

We  performed  a  Western  analysis  for  markers  of  mitochondrial  function  and  biogenesis  (SOD2,  PGC- 
la,  and  TFAM)  and  mitochondrial  dynamics  fission  (Drpl)  and  fusion  (Mfnl)  proteins,  and  found  that  they 
were  markedly  changed  in  mutant  G85R  N2a  cells,  compared  with  wild  type  control  cells  (Figure  24).  While 
SOD2,  PGC-la,  and  TFAM  were  significantly  reduced,  Drpl  and  Mfnl  were  significantly  increased.  The  levels 
of  Drpl  and  Mfnl  in  wild  type  N2a  cells  were  not  significantly  different,  confirming  previous  studies  that  both 
fission  and  fusion  of  mitochondria  are  at  equilibrium  under  normal  conditions.  These  findings  are  consistent 
with  the  hypothesis  that  mitochondrial  dynamics  are  disrupted  in  ALS.  Mutant  G85R  N2a  cells  treated  with  11 
showed  significantly  increased  levels  of  SOD2,  PGC-la,  and  TFAM,  while  normalizing  Drpl  and  Mfnl  to  wild 
type  levels  (Figure  24).  In  addition,  oxidative  stress  may  mediate  mitochondrial  dysfunction  and,  as  such,  we 
administered  11  to  N2a  mutant  G85R  cells,  resulting  in  improved  cell  viability  by  25%,  as  measured  using  a 
colorimetric  assay  (MTS)  (Figure  24).  We  induced  oxidative  stress  and  serum  deprivation  in  N2a  G85R  cells 
using  hydrogen  peroxide  (500  mM),  as  this  oxidative  stressor  is  a  potential  pathophysiological  mechanism  in 
ALS.  Cell  death  was  significantly  increased  in  untreated  cells,  while  11  administration  resulted  in  significant 
protection  (Figure  24). 
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Figure  24.  Western  blots  for  markers  of  mitochondrial  function  and  biogenesis  (SOD2,  PGC-la,  and  TFAM) 
and  mitochondrial  dynamics  fission  (Drpl)  and  fusion  (Mfnl)  proteins,  and  show  that  they  were  markedly 
changed  in  mutant  G85R  N2a  cells,  as  compared  with  wild  type  control  cells  and  11  treated  cells.  Compound  11 
also  protected  G85R  mutant  SOD  cells  from  oxidative  stress  using  hydrogen  peroxide. 


Recent  studies  suggest  that  transcriptional  dysregulation  may  play  a  role  in  the  pathogenesis  of  ALS. 
Transcription  is  regulated  by  complex  interactions  between  many  proteins,  many  of  which  are  regulated  by 
covalent  modifications,  such  as  acetylation,  methylation,  and  phosphorylation.  There  is  strong  evidence  that 
hypoacetylation  is  found  in  both  ALS  patients  and  in  ALS  mice.  We  have  observed  that  hypoacetylation  and 
hypermethylation  are  present  in  N2a  G85R  cells,  in  comparison  to  wild  type  N2a  cells,  and  that  treatment  with 
11  normalizes  the  altered  chromatin  remodeling  (Figure  25).  Compound  11,  therefore,  acts  to  normalize 
nucleosomal  dynamics  in  regulation  transcription. 
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Figure  25.  Chromatin  Dynamics  N2a  G85R  treated  untreated  11.  Trimethyl  histone  3  (TMH3)  and  acetylated 
histones  3  and  4  (AcH3  and  AcH4)  are  altered  in  the  G85R  cells  and  further  exacerbated  by  oxidative  stress. 
Compound  11  treatment  ameliorates  both  methylation  and  acetylation  alterations. 


Consistent  with  the  N2a  G85R  mutant  SOD  findings,  treatment  of  mutant  G93A  mice  with  11  produces 
normalized  levels  of  PGC-la,  TFAM,  Drpl,  and  Mfnl  (Figure  26). 


Figure  26.  Compound  11  treatment  in  G93A  mice  was  neuroprotective  and  improved  mitochondrial 
dysfunction,  normalizing  levels  of  mitochondrial  proteins. 


Protein  chip  array  studies 

Protein  chip  arrays  can  be  used  to  rapidly  test  large  numbers  of  human  proteins  for  their  ability  to  bind 
to  compounds  of  interest.6  A  recent  study  of  this  type  successfully  identified  the  target  of  D 156844,  a 
compound  currently  in  development  for  the  treatment  of  spinal  muscular  atrophy  (SMA).7  Similar  to  our 
studies,  this  chemical  scaffold  had  been  identified  and  optimized  using  a  non-target  based  cellular  assay, 
suggesting  that  this  experiment  was  a  good  model  for  our  own  work. 

Studies  of  this  type  work  best  with  high  potency  compounds  that  will  provide  adequate  binding  to 
proteins  on  the  chip.  Cell-based  assay  potency  in  the  1  uM  range  is  generally  considered  the  minimum  potency 
needed  for  detection.  In  addition,  the  compound  probe  needs  to  have  aqueous  solubility  and  other  physical 
characteristics  to  make  it  compatible  with  the  chip  methodology.  Of  particular  importance  is  low  general  non¬ 
specific  protein  binding  to  provide  clear  detection  of  binding  over  background.  Lastly,  compound  labeling  is 
needed  with  either  1)  a  low  energy  isotope  such  as  tritium  or  125I  (so  that  the  radio  decay  remains  localized  to  a 
specific  address  on  the  chip)  at  high  specific  activity  (e.g.,  >10  Ci/mmol  for  tritium)  to  permit  detection  or  2)  a 
fluorescent  tag  with  adequate  quantum  yield  to  allow  clear  detection  of  binding  on  the  chip.  We  considered  a 
variety  of  compounds  among  the  three  scaffolds  as  candidates  for  this  experiment.  Considerations  included  the 
disadvantage  of  a  fluorescent  tag,  which  would  produce  a  chemical  probe  different  from  the  compound 
producing  biological  effects  of  interest,  and  the  ability  to  isotopically  label  compound  to  adequate  specific 
activity.  Several  compounds  were  initially  explored,  but  we  were  able  to  label  only  one  of  these,  CMB-021805, 
to  an  adequate  specific  activity.  CMB-021805  has  a  cell  based  assay  potency  of  1.68  pM,  at  or  above  the 
minimum  level  required  for  a  successful  protein  chip  study.8 

CMB-021805  (11)  was  synthesized  with  iodine  at  the  para-position  of  the  two  phenyl  rings  by  the 
Silverman  group  and  was  sent  to  the  CRO  Vitrax  for  tritium  exchange  of  the  iodine  atoms.  A  specific  activity 
of  31.7  Ci/mmol  was  obtained  and,  unlike  other  candidate  compounds  investigated  for  radiolabeling,  the 
radiolabel  did  not  exchange  out  upon  standing.  Chip  studies  were  performed  at  Invitrogen  under  contract.  An 
initial  pilot  experiment  was  carried  out  to  determine  the  background  binding  of  3H  CMB-021805  to  1) 
determine  whether  active  signals  could  be  detected  above  background  and  2)  to  optimize  conditions  for  binding 
studies.  As  shown  in  Figure  27,  [3H]-CMB-021805  produces  moderate  non-specific  binding,  making  it  difficult 
to  detect  binding  of  [3H] -estradiol  spiked  into  the  mixture.  Further  studies  showed  that  the  addition  of  1% 
casein  blocked  background  binding,  but  not  the  [3H] -estradiol  signals.  A  full-scale  experiment  with  over  9000 
proteins  was  therefore  carried  out. 
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SMI  Buffer 


SMI  Buffer  ♦  1%  Casein 


'H-Estradiol  Alone 
|Meg  Control) 


'H-Esti»diol  ♦ 
H-CMB-021805 


’H -Estradiol  ♦ 
M-CMB-021805 


Figure  27.  Assay  to  define  and  optimize  conditions  for  screening  protein  arrays,  which  employs  [3H] -estradiol  as  an  internal  binding 
control.  [3H]-CMB-021805  produced  moderate  non-specific  binding,  making  it  difficult  to  detect  binding  of  [3H] -estradiol  spiked  into 
the  mixture.  The  addition  of  1%  casein  blocked  background  binding  but  not  the  detection  of  the  [3H] -estradiol  signals. 


Because  of  the  potentially  marginal  properties  of  CMB-021805,  relatively  generous  criteria  were  chosen  to 
define  actives,  so  as  to  insure  that  interactions  of  interest  would  not  be  missed  despite  the  relatively  high 
background  produced  by  the  compound: 


1)  A  Z-score  of  greater  than  3.0. 

2)  A  replicate  spot  intra-assay  coefficient  of  variation  of  less  than  50%  for  the  corresponding  protein. 

3)  An  inter-assay  coefficient  of  variation  of  variation  of  less  than  50%  for  the  corresponding  protein. 


Some  compounds  require  NaCl  to  interact  with  their  corresponding  protein  target  in  vitro,  while  other 
compounds  only  interact  in  the  absence  of  salt.  Still  other  compounds  interact  both  with  and  without  salt.  The 
experiment  was  therefore  conducted  in  duplicate  in  the  presence  and  in  the  absence  of  150  mM  NaCl.  A  total 
of  42  candidate  interacting  proteins  were  detected  in  the  absence  of  NaCl  using  the  above  criteria  (Table  5).  In 
the  second  half  of  the  study,  33  candidate  interacting  proteins  were  detected  in  the  presence  of  150  mM  NaCl 

Table  5.  Candidate  interacting  proteins  meeting  statistical  criteria  identified  in  the  absence  of  NaCl. 
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NM  004329.1 

1246 

0.39 

5.08 

1.75E-62 

SMI  #2 

25% 

5% 

122 

1 

Bone  morphogenetic  protein  receptor  t/os-1  A 

BC0 190 15. 2 

IOH120S9 

1190 

0.43 

4.80 

1.63E-32 

SMI  #2 

15% 

3% 

116 

6 

med  ator  complex:  subunit  29  (MED29) 

BCQ44612.1 

IOH26756 

1161 

0.28 

4.65 

2.27E-02 

SMI  #2 

17% 

10% 

-27 

3 

glycoprotein  M6A  (GPM6A) 

NM  000361.2 

IOH29722 

1114 

0.31 

4.41 

2.16E-Q2 

SMI  #2 

25% 

2% 

-51 

1 

histamine  receptor  HI  (HRH1 J,  transcript  variant  4 

NM  004724.2 

IQH42575 

1110 

0.34 

4.38 

2.55E-02 

SMI  #2 

31% 

11% 

-3 

0 

ZW10,  k  nstochore  assoc  ated.  homo  eg  iDrosooh  la)  (ZW1Q) 

NM  016440.1 

1051 

0.30 

4.08 

2.s:e-02 

SMI  #2 

28% 

5% 

195 

1 

Serine, 'threonine-protein  kinase  VRK3 

NM  015161.1 

1  OH  11244 

970 

0.18 

4.07 

3.E-3E-32 

SMI  #1 

7% 

7% 

15 

1 

ADP-ribosylation  factor-like  6  interact  nq  protein  1  (A.RL6IP1) 

BC005177.1 

IGH4713 

1D29 

0.42 

3.97 

2.  SEE- 02 

SMI  #2 

3% 

3% 

3 

2 

transmen’ bra  ne  prate  n  51  (TMEM51 J 

NM  002302.1 

IOH3591 

1025 

0.34 

3.95 

2.  SEE- 02 

SMI  #2 

16% 

7% 

30 

3 

proteasome  iprosome.  macropa  n}  265.  subunit,  ATPase,  1  i'PSMCI ) 

PHC0Q76 

1025 

0.01 

3.95 

3.46E-32 

SMI  #2 

21% 

18% 

109 

1 

interleukin  7  (IL7) 

NM  005669.3 

IOH4564S 

946 

0.28 

3.94 

3.95E-Q2 

SMI  #1 

15% 

9% 

-31 

0 

Receptor  express  on-enhancing  protein  5 

NM  021101.3 

IOH 10602 

1D02 

-0.11 

3.83 

3,54E-E" 

SMI  #2 

7% 

22% 

103 

0 

claudin  1  {CLCN1 ) 

NM  004779.4 

IGH27767 

988 

-0.05 

3.76 

3.E^E-E2 

SMI  #2 

D% 

14% 

33 

0 

CCR^-NGT transcription  complex,  subunits  (CNOT8) 

NM  005922.1 

983 

0.25 

3.73 

2.S-E-02 

SMI  #2 

15% 

1% 

-27 

0 

Mitoge n-a ctivated  protein  kinase  kinase  kinase  4 

BC000314.1 

IOH3435 

966 

-0.11 

3.65 

-.3-E-32 

SMI  #2 

21% 

22% 

23 

1 

Reticulon-li 

60030530.1 

IOH21699 

965 

-0.46 

3.64 

4.57E-02 

SMI  #2 

16% 

24% 

-126 

0 

synovial  apoptos  s  nhibitor  1,  synoviolin  (SYVN1 ) 

NM  001017417.1 

IOH54734 

885 

0.27 

3.61 

4.34E-32 

SMI  #1 

9% 

6% 

142 

1 

cancer/tests  antigen  family 45.  member  A1  (CT45A1).  mRMA. 

BC007014.1 

IOH7141 

954 

-0.42 

3.58 

4.75E-Q2 

SMI  #2 

14% 

25% 

76 

0 

tumor  necrosis  factor,  alpha-induced  protein  3  (TNFAIPB) 

NM  004955.1 

IGH3983 

951 

-0.27 

3.56 

4.S3E-02 

SMI  #2 

31% 

23% 

123 

3 

solute  carrier  family  29  (nucleoside  transporters],  member  1  (SLC29A1), 
nuclear  gene  encoding  mitochondrial  protein,  transcript  variant  5 

NM  000350.2 

IOH9SS6 

944 

0.08 

3.53 

3.31  E-02 

SMI  #2 

3% 

5% 

38 

6 

qlutathione  S-transferase  M4(GSTM4),  transcript  vacant  1 

NM  023015.3 

IOH41S90 

866 

0.02 

3.50 

5.22E-02 

SMI  #1 

9% 

13% 

48 

0 

integrator  complex  subunit  3  (IMTS3) 

NM  024754.2 

IGH12500 

937 

0.39 

3.50 

3. 3^  E-02 

SMI  #2 

11% 

4% 

69 

0 

pentatricopeptide  repeat  doma  n  2  (PTCD2) 

NM  006746.1 

IOH22321 

862 

-0.10 

3.48 

5.53E-02 

SMI  #1 

0% 

16% 

113 

2 

sex  con’b  on  med  leg-like  1  (Crosophi  ai  {SGML1).  transcript  variant  2 

BC003555.1 

IGH4980 

354 

0.33 

3.44 

4.42E-C2 

SMI  #1 

7% 

2% 

55 

1 

nucleolar  complex  assoc  ated  2  homolog  (5.  cerevisiae)  (NOC2L} 

BO0 15596.1 

IOH29335 

926 

0.43 

3.44 

3. 32  E-02 

SMI  #2 

14% 

2% 

146 

0 

chromosome  21  open  reading  frame  51  (C21orf51) 

NM  001006946.1 

IOH54992 

914 

-0.55 

3.38 

5.27E-02 

SMI  #2 

22% 

25% 

11 

0 

Synde  can-1 

NM  016584.2 

IOH3940: 

902 

-1  17 

3.32 

B.57E-02 

SMI  #2 

3% 

44% 

1 

0 

interleukin  23,  alpha  subunit  p19  (IL23A) 

NM  174909.1 

IOH  14735 

901 

-0.21 

3.31 

4.99E-02 

SMI  #2 

13% 

20% 

55 

1 

transmen’ brane  protein  167  (TMEM167) 

NM 005805.2 

IOH401 12 

897 

0.16 

3.29 

3. ME- 02 

SMI  #2 

25% 

6% 

-54 

2 

26S  proteasome  non-ATPase  regulatory  subunit  14 

NM  024009.1 

IOH  11015 

826 

0.28 

3.29 

5.1  EE- 02 

SMI  #1 

14% 

6% 

96 

0 

gap  junction  protein,  beta  3.  31k Da  (GJB3),  transerpt  variant  1 

ECQ06969.1 

IOH7343 

888 

-0.51 

3.24 

5.S3E4J2 

SMI  *2 

16% 

25% 

68 

0 

dynein,  cytoplasmic  2,  light  intemned  ate  chain  1.  mRMA  (eDMA  clone 
MGC:12166  IMAGE: 36265511,  complete  cds 

NM 004701 .2 

IOH4121S 

818 

0.17 

3.24 

5.SSE-02 

SMI  n 

16% 

12% 

21 

3 

cyclin  B2  (OCNB2) 

NM  152235.1 

IOH21693 

885 

0.25 

3.23 

4.26E-32 

SMI  #2 

29% 

10% 

62 

5 

arrestin  domain  containing  1  (ARRDCI’i 

NM Q  16433.3 

IOH57161 

878 

0.24 

3.19 

3. 7"  E-02 

SMI  #2 

33% 

1% 

-36 

0 

Glycolipfd  transfer  prate  n 

NM  138820.1 

IOH4234 

877 

-0.29 

3.19 

5.27E-02 

SMI  #2 

19% 

20% 

19 

0 

HIG1  domain  family,  m ember  2A  (HIGD2A) 

NM  002930.1 

IOH5479" 

875 

0.18 

3.18 

3.99E-C2 

SMI  #2 

15% 

5% 

124 

0 

GTF-b  nding  protein  Rit2 

NM  181270.1 

IQH58636 

802 

-0.16 

3.15 

6.07E-02 

SMI  #1 

16% 

11% 

141 

2 

CKLF-  ike  MARVEL  transmembrane  doma  In- containing  protein  1 

NM 0 17735,3 

IOH4050S 

867 

0.03 

3.14 

4. 7- E-02 

SMI  #2 

15% 

13% 

45 

0 

Tetratrcopeptide  repeat  protein  27 

XM  396^72.2 

IOH42996 

866 

0.32 

3.13 

4.16E-02 

SMI  #2 

11% 

6% 

185 

0 

hypothec  cal  LOCI 43678  (LOCI 43673 1 

NM  018019.1 

IOH4211 

865 

-0.20 

3.12 

4.S7E-02 

SMI  #2 

15% 

15% 

110 

2 

med  ator  complex  subunit  9  (MED9) 

NM  024071.2 

IOH3850 

781 

-1.08 

3.04 

1.57E-C1 

SMI  #1 

11% 

50% 

7 

0 

zinc  finger,  FYVE  domain  containing  21  (ZFYVE21) 

P2999 

849 

0.22 

3.04 

-.42E-02 

SMI  #2 

24% 

6% 

13 

1 

v-akt  murine  thymoma  viral  oncogene  homolog  1  (AKT1),  transcript 
variant  3 

(Table  6).  A  comparison  of  the  two  lists  showed  that  there  were  18  candidate  interacting  proteins  in  common. 
Invitrogen  had  previously  conducted  this  experiment  with  nine  other  chemical  compound  probes.  In  the  course 
of  this  work  they  discovered  that  some  proteins  are  ‘sticky’  and  interact  non-specifically  with  many  structurally 
diverse  compounds.  The  second  column  from  the  right  shows  the  number  of  times  each  protein  on  the  list  had 
been  identified  in  prior  studies.  A  large  number  of  prior  identifications  suggests  that  the  current  interaction 
might  not  be  specific. 

In  summary,  after  removing  duplicates,  there  were  a  total  of  57  hits  that  met  the  criteria  for  activity.  An 
initial  analysis  of  these  data  indicates  the  following: 

-  Approximately  20%  of  the  candidate  interacting  proteins  are  kinases  or  other  proteins  that  have  nucleotide 
binding  sites.  This  may  simply  reflect  the  fact  that  such  proteins  are  overrepresented  as  a  result  of  early 
decisions  taken  in  the  design  of  the  chips. 

-  Approximately  10%  of  the  candidate  interacting  proteins  are  proteins  involved  in  transcription  or  RNA 
processing.  Genes  identified  in  familial  ALS  have  suggested  that  the  disease  may  result  from  defects  in  RNA 
processing  or  transport.9 

-  There  are  multiple  chaperones  on  the  chip  so,  consistent  with  prior  findings,  the  lack  of  chaperone  hits 
suggests  that  CMB-021805  does  not  have  a  direct  action  on  chaperones. 

-  Approximately  10%  of  the  candidate  interacting  proteins  belong  to  the  greater  ubiquitin  proteasome  family  of 
proteins.  This  group  fits  well  with  the  biological  effects  of  CMB-021805,  since  stimulation  of  the  ubiquitin 
proteasome  system  would  be  expected  to  accelerate  the  removal  of  misfolded  proteins.  Of  particular  interest  in 
this  group  is  the  proteasome  ATPase,  PSMC1.  PSMC1  (also  called  Rpt2)  has  been  reported  to  regulate  the 
opening  of  the  core  particle  channel  of  the  proteasome.10  If  activated  by  a  small  molecule,  PSMC1  could 
potentially  accelerate  the  removal  of  misfolded  proteins.  This  protein  was  identified  both  with  and 
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without  NaCl  and  with  better  statistics  in  the  presence  of  150  mM  NaCl,  suggesting  that  salt  might  stabilize  the 
interaction.  However,  PSMC1  has  previously  been  detected  three  times  in  unrelated  studies,  suggesting  that  it 
may  be  a  generally  sticky  protein. 


Table  6.  Candidate  interacting  proteins  meeting  statistical  criteria  identified  in  the  presence  of  150  mM  NaCl 
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BC019015.2 

ICiHI  2039 

146-7 

0.25 

5.62 

2.34E-22 

NaCl  #2 

24% 

1D% 

116 

6 

mediator  complex  subunit  29  (MED 29} 

NM  002602.1 

IOH3591 

1377 

0.45 

5.17 

2.12E-02 

NaCl  #2 

26% 

4% 

80 

3 

pnoteasome  fprosome,  ms  crop  aim}  26S  subun  t,  ATPase,  1  (P5MC1 } 

BCGQQ314.1 

IOH34S5 

1217 

-0.36 

4.38 

4.2-iE-C: 

NaCl  #2 

19% 

23% 

23 

1 

Reticulon-1 

NM  000650.2 

IOH9566 

1202 

0.17 

4.30 

3. 52  E- 32 

NaCl  #2 

3% 

12% 

88 

6 

glutathione  5-transferase  M4  {GSTM4),  transcript  variant  1 

NM  021101.3 

IOH10602 

1074 

0.46 

4.24 

2. 92  E-  22 

MaCI  #1 

2% 

2% 

103 

0 

claud  in  1  (CLDISIT) 

NM  032907.3 

IOH56973 

1072 

0.24 

4.23 

3.16E-02 

NaCl  #1 

6% 

6% 

16 

1 

U biquit  n-  ike  protein  7 

BC047393.1 

IOH26537 

1152 

-0.16 

4.D5 

4.38E4K 

NaCl  #2 

30% 

18% 

^1 

1 

ring  finger  and  CHY  zinc  finger  domain  containing  1  (RCHYT) 

PV461 9 

1143 

0.15 

4.D1 

3.90E-Q2 

NaCl  #2 

10% 

11% 

49 

MAP/microtubule afTinity-requIatinq  kinase  3  (MARK3) 

BC046214.1 

IOH269S7 

1 1 37 

0.52 

3.98 

3.21  E4)2 

NaCl  #2 

31% 

0% 

2 

11 

M-phase  phosphopnotein  8  (HSMPP3)i 

NM  152265.1 

IOH2169S 

1110 

-0.16 

3.89 

4.  BEE-:: 

NaCl  #1 

21% 

17% 

62 

5 

anestin  doma  n  containing  1  {ARRDC1) 

NM  032341.1 

IOH7525 

1077 

0.02 

3.68 

4.56E-32 

NaCl  #2 

34% 

11% 

5 

6 

□  Dll,  DNA-damage  inducible  1,  homoloq  2  (S.  cerevisiae)  (DDI2) 

BCG44612.1 

IOH26756 

1072 

-0.51 

3.66 

6.06E-02 

NaCl  #2 

11% 

23% 

-27 

3 

glycoprotein  M6A  {GFM6A} 

NM  016019.1 

IOH4211 

1065 

-0.20 

3.63 

4.46E-02 

NaCl  #2 

11% 

9% 

110 

2 

mediator  complex  subunit  9  (Pvt EC 9} 

NM  015161.1 

10  H1 1244 

1060 

-0.35 

3.60 

5.45E-02 

NaCl  #2 

13% 

17% 

15 

1 

ACP-ribosyation  factor-like  6  interacting  protein  1  (ARL6IP1) 

NM  004329.1 

1059 

-0.26 

3.59 

4.74E-02 

NaCl  #2 

23% 

1D% 

122 

1 

Bone  morphogenetic  protein  receptor  type- 1 A 

NM  004724.2 

IOH42575 

946 

0.30 

3.53 

4.09E-02 

NaCl  #1 

4% 

3% 

-3 

0 

ZW1Q,  kineto  chore  assoc  ated.  homolog  (Drosophila)  (ZW1D) 

NM  016440.1 

906 

0.02 

3.31 

5.23E-22 

NaCl  #1 

0% 

9% 

195 

1 

Serina'threonine-protein  kinase  VRK3 

NM  000975.2 

IOH1740 

1001 

0.12 

3.30 

4.95E-02 

NaCl  #2 

10% 

5% 

25 

1 

ribosomal  protein  111  {RPL11) 

NM  004955.1 

IQH3983 

995 

-0.17 

3.29 

6.53E-G2 

NaCl  #2 

12% 

18% 

123 

3 

solute  carrier  family  29  (nucleoside  transporters),  member  1  (SLC29A1), 
nuclear  qene  encodinq  mitochondrial  protein,  transcript  variant  5 

NM  131270.1 

IOH58636 

992 

-0.24 

3.26 

5.96E-:: 

NaCl  #2 

9% 

13% 

141 

2 

CKLF-I  ke  MARVEL  transmembrane  doma  n- containing  protsiri  1 

EC0Q2559.1 

IOH4053 

990 

0.07 

3.25 

5.05E-02 

NaCl  #2 

6% 

5% 

-16 

3 

YTH  domain  family,  member  2  (YTHDF2) 

NM  024754.2 

IQH12500 

976 

0.04 

3.18 

5.67E-02 

NaCl  #2 

10% 

8% 

69 

0 

pentatriicopeptde  repeat  domain  2  (PTCD2) 

NM  052343.1 

IOH13249 

975 

0.06 

3.17 

5.95E-32 

NaCl  #2 

25% 

1D% 

51 

1 

coiled-coil  doma  n  conta  ning  97  {CCDC97) 

NM  144620.1 

IOH13940 

975 

-0.03 

3.17 

5.64E-02 

NaCl  #2 

15% 

8% 

40 

0 

leucine  rich  repeat  containing  39  (LRRC39) 

NM  006701.2 

IOH3749 

973 

0.24 

3.17 

4.94E-02 

NaCl  #2 

27% 

1% 

59 

1 

thioredoxin-like4A  (TXNL4A) 

NM  152255.1 

IOH39607 

973 

-1.70 

3.16 

1 75E-01 

NaCl  #2 

15% 

49% 

-9 

0 

pnoteasome  {prosome,  macropaan)  subunit,  alpha  type.  7  (PSMA7), 

NM  152789.1 

IOH21633 

575 

-0.45 

3.14 

6.16E-02 

NaCl  #1 

23% 

13% 

20 

3 

family  with  sequence  similarity  133,  member  E  (FAM133B).  transcrpt 

NM  004691.3 

IOH57013 

965 

0.20 

3.14 

b.eoe-:: 

NaCl  #2 

1% 

6% 

153 

4 

V-type  proton  ATPase  subunit  d  1 

B  COOS  177.1 

IOH4713 

572 

-1.44 

3.12 

1.23E-01 

NaCl  #1 

1% 

39% 

8 

2 

transmembrane  protein  51  (TMEM51) 

BCQ28 141.1 

IQH21529 

565 

-0.05 

3.10 

6.E7E-I2 

NaCl  #1 

9% 

14% 

25 

2 

mixed  lineage  k  nase  domain-like  {MLKU 

NM  001017417.1 

IOH54734 

960 

-0.69 

3.10 

7.50E-32 

NaCl  #2 

18% 

19% 

142 

1 

cancer, 'testis  antiqen  family  45.  member  A1  (CT45A1).  mRNA. 

NM  000661.2 

IOH29722 

863 

-0.02 

3. 07 

5.7-E-32 

NaCl  #1 

22% 

7% 

-51 

1 

histamine  receptor  HI  (HRH1),  transcript  variant  4 

NM  020679.1 

IOH21330 

943 

0.21 

3.02 

6.23E-22 

NaCl  #2 

23% 

7% 

129 

3 

MIF4G  domaon  conta  ning  {MIF4GD) 

A  total  of  42  candidate  interacting  proteins  were  detected  in  the  absence  of  NaCl,  33  candidate 
interacting  proteins  were  detected  in  the  presence  of  150  mM  NaCl.  There  were  18  candidate  interacting 
proteins  that  appeared  in  both  studies  producing  a  total  of  57  protein  hits.  Most  of  these  hits  are  likely  to  be 
artifacts.  We  therefore  contracted  Invitrogen  to  carry  out  a  follow  up  experiment  to  try  to  distinguish  which  of 
the  candidate  interacting  proteins  are  interacting  specifically  and  which  non-specifically  with  11.  CMB-086887 
(13)  is  an  analogue  that  differs  from  CMB-021805  by  only  a  single  methyl  group  but  is  inactive  in  our  protein 
aggregation  assay.  By  repeating  the  chip  experiment  with  [3H]-CMB-021805  in  the  presence  of  13  as  a 
blocking  cold  competitor,  non-specific  interactions  should  be  largely  competed  off  by  13. 


However,  because  13  is  inactive,  specific  interactions  should  not  be  affected.  This  experiment  was  conducted 
in  two  parts.  Stocks  of  the  9000  protein  chip  array  used  in  the  first  experiment  had  been  exhausted  and,  because 
array  sets  are  not  identical,  it  was  therefore  necessary  to  perform  the  13  competition  experiment  twice  using  two 
different  array  sets  in  order  to  cover  all  the  hits  from  the  first  experiment.  This  experimental  design  turned  out 
to  be  provident.  First,  the  cold  competitor,  unfortunately,  had  little  effect  on  binding  in  any  part  of  the  study. 
The  competitor  effects  for  proteins  hit  in  both  the  original  and  the  initial  follow  up  study  are  shown  in  Table  7. 
The  effects  are  small,  varied,  and  may  not  be  meaningful.  We  do  not  know  why  this  occurred,  but  one 
possibility  is  that  despite  the  fact  that  the  competitor  is  structurally  very  similar  to  11,  it  might  bind  in  a 
different  way.  Secondly,  actives  were  defined  as  showing  binding  that  is  greater  than  three  standard  deviations 
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above  the  mean.  Assuming  that  the  data  show  a  normal  distribution,  one  would  expect  approximately  9  hits  to 
be  produced  per  chip  set  via  statistical  fluctuation  alone.  In  addition,  these  data  may  not  be  mean  distributed. 
Chip  proteins  show  variation  in  general  stickiness,  and  many  proteins  have  been  shown  to  be  highly  sticky, 
binding  to  multiple  chemically  unrelated  probes.  This  would  suggest  that  the  data  may  not  be  normally 
distributed  with  a  bias  toward  enhanced  binding  and  thus  could  produce  a  larger  number  of  artifacts. 


Table  7.  Results  of  follow-up  study  with  11 


Gene 

Annotation 

%  Competition* 

Syndecan-1 

heparin  sulfate  cell  surface  receptor 

0% 

rpnl4 

26S  proteasome  non- ATPase  regulatory  subunit 

4% 

ARRDC1 

arrestin  domain  containing  1 

9% 

MARK3 

MAP  kinase  associated  protein 

13% 

V-type  ATPase 

V-type  proton  ATPase  subunit  -  acidifies  vacuole 

13% 

CCDC97 

coil-coil  domain  protein 

15% 

YRK3 

Serine  threonine  kinase 

17% 

v-akt  homolog  1 

AKT1  homolog,  kinase,  cell  survival  protein 

19% 

BMP  receptor  1 A 

cytokine  receptor 

19% 

MED29 

associated  with  RNA  polymerase 

23% 

GSTM4 

glutathione  S  transferase 

30% 

*Maximum  observed 


Irrespective  of  the  poor  performance  of  the  competitor,  44  hits  were  observed  in  the  first  competitor 
experiment  of  which  12  were  repeats  from  the  first  experiment.  It  is  therefore  highly  likely  that  the  other  45 
hits  from  the  first  experiment,  since  they  were  not  repeatable,  were  artifacts.  The  second  competitor  experiment 
produced  58  hits,  only  16  of  which  were  repeats  from  the  first  study,  and  it  is,  therefore,  highly  likely  that  the 
other  42  hits  were  non-reproducible  artifacts.  Examining  the  three  experiments  in  aggregate,  a  total  of  29  hits 
were  observed  at  least  twice  with  some  of  these  showing  activity  three  times.  This  is,  in  part,  a  result  of  the  fact 
that  not  every  protein  was  present  on  each  of  the  two  types  of  arrays  used,  so,  as  a  result,  some  of  the  proteins 
were  only  tested  twice.  In  addition,  a  total  of  91  additional  proteins,  all  of  which  were  tested  at  least  twice, 
were  hit  only  a  single  time.  We  are  at  this  point  considering  all  non-repeatable  hits  to  be  artifacts.  Table  8 
provides  a  list  of  the  proteins  that  showed  binding  in  multiple  experiments  along  with  the  number  of  times  they 
were  tested. 
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Table  8.  Proteins  that  showed  binding  in  multiple  experiments 


Hit  in  more  than 
one  assay 

Protein  is  present  in  Lot  = 
x:  Not  present  =  0 

1st  2nd 
Phase  Phase  Phase 
1  Hit  2  Hit  2  Hit 

Phase  1 
Lot 

HA20261 

Phase  2a 
Lot 

HA20266 

Phase  2b 
Lot 

HA20275 

Description 

Hit  with 
other 

Activity  Probes 

X 

X 

X 

0 

X 

Reticulon- 1 

2/2 

1 

X 

X 

X 

0 

X 

YTH  domain  family,  member  2  (YTHDF2) 

2/2 

3 

X 

X 

X 

X 

X 

X 

mediator  complex  subunit  29,  associated  with  RNA  polymerase 
(MED29) 

3/3 

6 

X 

X 

X 

X 

X 

SGT1,  suppressor  of  G2  allele  of  SKP1  like  1  (S.  cerevisiae) 
(SUGT1L1) 

2/3 

1 

X 

X 

X 

X 

X 

chromosome  10  open  reading  frame  118  (C10orfll8) 

2/3 

2 

X 

X 

X 

0 

X 

glycoprotein  M6A  (GPM6A) 

2/2 

3 

X 

X 

X 

X 

X 

X 

glutathione  S -transferase  M4  (GSTM4),  transcript  variant  1 

3/3 

6 

X 

X 

X 

X 

X 

histamine  receptor  HI  (HRH1),  transcript  variant  4 

2/3 

1 

X 

X 

X 

X 

X 

Syndecan-1,  heparin  sulfte  surface  receptor 

2/3 

0 

X 

X 

X 

0 

X 

proteasome  (prosome,  macropain)  26S  subunit,  ATPase,  1 
(PSMC1) 

2/2 

3 

X 

X 

X 

X 

X 

39S  ribosomal  protein  LI 2,  mitochondrial 

2/3 

1 

X 

X 

X 

X 

X 

Bifunctional  purine  biosynthesis  protein  PURH 

2/3 

2 

X 

X 

X 

X 

X 

Bone  morphogenetic  protein  receptor  type- 1 A 

2/3 

1 

X 

X 

X 

X 

X 

X 

V-type  proton  ATPase  subunit  d  1  (acidifies  vacuole) 

3/3 

4 

X 

X 

X 

X 

X 

tumor  protein  p53  inducible  protein  3  (TP53I3),  transcript  variant  1 

2/3 

1 

X 

X 

X 

0 

X 

solute  carrier  family  29  (nucleoside  transporters),  member  1 
(SLC29A1),  nuclear  gene  encoding  mitochondrial  protein, 
transcript  variant  5 

2/2 

3 

X 

X 

X 

X 

X 

X 

26S  proteasome  non- ATPase  regulatory  subunit  14 

3/3 

2 

X 

X 

X 

X 

X 

Rho-related  GTP-binding  protein  Rho6 

2/3 

4 

X 

X 

X 

X 

X 

paroxysmal  nonkinesigenic  dyskinesia  (PNKD),  transcript  variant  1 

2/3 

5 

X 

X 

X 

X 

X 

Serine/threonine -protein  kinase  VRK3 

2/3 

1 

X 

X 

X 

X 

X 

DDI1,  DNA-damage  inducible  1,  homolog  2  (S.  cerevisiae)  (DDI2) 

2/3 

6 

X 

X 

X 

X 

X 

Ubiquitin-like  protein  7 

2/3 

1 

X 

X 

X 

X 

X 

leucine  rich  repeat  containing  39  (LRRC39) 

2/3 

3 

X 

X 

X 

X 

X 

X 

arrestin  domain  containing  1  (ARRDC1) 

3/3 

5 

X 

X 

X 

X 

X 

X 

family  with  sequence  similarity  133,  member  B  (FAM133B), 
transcript  variant  1 

3/3 

1 

X 

X 

X 

X 

X 

X 

v-akt  murine  thymoma  viral  oncogene  homolog  1  (AKT1), 
transcript  variant  3,  kinase 

3/3 

1 

X 

X 

X 

X 

X 

Dual  specificity  tyrosine-phosphorylation-regulated  kinase  1 A 

2/3 

0 

X 

X 

X 

X 

X 

X 

MAP/microtubule  affinity-regulating  kinase  3  (MARK3) 

3/3 

4 

X 

X 

X 

X 

X 

coiled  coil  domain  containing  97  (CCDC97) 

2/3 

1 

Color  coding:  Red  -  tested  three  times  and  active  three  times;  Yellow  -  tested  three  times  and  active  two  times; 
Blue  -  tested  two  times  and  active  two  times 


Proteins  that  repeated  every  time  tested  (i.e.,  3/3  or  2/2),  are  arguably  more  robust  actives  than  those  that 
were  inactive  in  one  experiment  (i.e.,  2/3).  During  prior  research  at  Invitrogen  their  protein  chips  have  been 
probed  with  9  different  chemically  unrelated  compounds.  It  was  this  work  that  demonstrated  that  some  proteins 
appear  to  be  generally  ‘sticky’;  that  is  they  seem  to  have  a  propensity  to  bind  compounds  non-specifically. 

Some  of  the  proteins  that  were  hit  in  our  study,  for  example  MED29,  GSTM4  and  DD1,  previously  were  found 
to  bind  to  a  variety  of  unrelated  compounds  (in  these  cases  6  out  of  9  tested).  Therefore,  it  can  be  argued  that 
the  interaction  between  these  proteins  and  11  is  likely  to  be  non-specific.  Lastly,  the  annotations  indicate  that 
some  of  the  proteins  that  bind  11  are  involved  in  protein  dynamics.  Thus,  it  would  be  reasonable  that  a  small 
molecule  acting  on  such  a  protein  would  influence  protein  misfolding  and  aggregation.  An  example  of  one  such 
protein  is  PMSC1,  26S  proteasome  subunit  that  is  involved  in  regulating  proteasome  activity. 
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A  hit  that  is  of  particular  interest  is  the  26S  proteasome  non-ATPase  regulatory  subunit  14 
(rpnl4).  Interaction  with  11  appears  both  with  and  without  salt,  was  found  to  be  active  in  3  out  of  3  tests  and, 
while  the  inactive  competitor  13  data  are  suspect  due  to  generally  poor  performance,  it  was  one  of  the  hits  least 
affected  by  the  inactive  competitor  (see  Table  7).  The  rpnl4  protein  is  not  a  component  of  the  mature 
proteasome,  but  rather  appears  to  be  a  negative  regulator  of  26S  proteasome  assembly.11  Inhibition  of  rpnl4 
would  be  expected  to  reduce  protein  aggregation;  inhibiting  an  inhibitor  should  increase  proteasome  activity, 
clearing  out  protein  aggregates.  The  crystal  structure  of  rpnl4  was  recently  reported,12  so  it  was  therefore 
possible  to  produce  a  model  for  the  binding  of  11  to  rpnl4.  Figure  28  shows  that  there  are  three  reasonable 
pockets  for  11  binding  to  rpnl4. 


Figure  28.  Docking  poses  of  11  into  the  crystal  structure  of  rpnl4 


Genome  transcriptional  profiling  was  carried  out  in  the  Morimoto  lab  with  CMB-021805  (using  HeLa 
cells)  and  CMB-003299  (using  PC12  cells).  Of  the  57  hits  from  the  protein  array  studies  (vide  supra),  both  claudin 
1  and  bone  morphogenetic  protein  receptor  type- 1 A  (affected  both  in  the  presence  and  absence  of  NaCl  in  the 
gene  array  study)  were  altered  in  these  profiling  studies  as  well.  CMB-021805  (11)  reduced  the  level  of  the  bone 
morphogenetic  protein  receptor  type- 1 A  (2.5  fold  down  regulation)  while  CMB-003299  (ASP)  increased  the  level 
of  claudin  1  (1.6  fold  upregulation).  Also,  syndecan-1  levels  increased  (1.4  fold  upregulation)  when  CMB- 
003299  was  added.  The  fact  that  these  hits  were  observed  in  two  independent,  unbiased  approaches,  suggests 
biological  relevance.  The  expression  levels  of  the  remaining  54  candidates  from  the  protein  array  studies  did  not 
change  significantly.  Delineation  of  the  target  for  these  molecules  also  might  accelerate  progress  on  the  design  of 
ALS  therapeutics. 

Heat  shock  response  and  proteasomal  activity 

On  the  basis  of  the  cell-based  assay  used  during  preliminary  studies  we  hypothesized  that  neuroprotective 
activity  would  involve  modulation  of  protein  folding/refolding,  direct  inhibition  of  protein  aggregation,  or 
increased  protein  degradation.13,14  Hence,  initial  experiments  were  carried  out  to  understand  the  effect  of  these 
molecules  on  the  heat  shock  response  and  proteasomal  activity.  Proteasomal  activity  was  assessed  using  PC  12 
cells  expressing  a  ubiquitin-tagged  yellow  fluorescent  protein  (Ubi-YFP).  Treatment  with  proteasome  inhibitor 
MG- 132  resulted  in  the  accumulation  of  the  Ubi-YFP  and  a  corresponding  increase  in  fluorescent  signal 
(untreated  =  0.12  AU;  MG-132  treated  =  0.32  AU,  Figure  29A-B).  Co-treatment  with  1st  generation  ASPs  (CMB- 
3299  or  CMB-3319,  Figure  29C)  reduced  fluorescence  to  levels  equivalent  to  untreated  control  experiments. 
Therefore,  ASPs  are  capable  of  reversing  MG-132  mediated  proteasomal  inhibition.  On  its  own,  this  result  could 
indicate  direct  interaction  between  ASPs  and  MG-132.  However,  our  in  vivo  studies  have  clearly  demonstrated 
that  ASPs  possess  disease-modifying  efficacy  in  a  disease  model  that  does  not  involve  MG-132.15  On  the  basis 
of  these  considerations,  we  hypothesize  that  enhanced  proteasomal  activity  plays  an  important  role  in  the 
neuroprotective  activity  of  ASPs. 
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Figure  29.  Pyrazolone  mechanism  of  action  studies:  impact  on  protein  degredation  and  heat  shock  response 
A-B)  Ability  of  ASP  (25  liM)  to  enhance  protein  degradation  in  the  presence  of  the  proteasome  inhibitor  MG- 132 
(10  nM).  Co-expression  of  a  cyan  fluorescence  protein  (CFP)  control  reporter  was  unaffected.  C)  Structures  of 
ASP  analogs.  D)  ASPs  do  not  induce  a  heat  shock  response  in  a  HeLa  cell  based  assay  that  monitors  a  Hsp70 
promoter-luciferase  reporter.  Positive  controls  (celastrol  and  CdCh)  resulted  in  a  significant  increase  in  heat  shock 


Induction  of  the  heat  shock  response  (HSR)  leads  to  expression  of  molecular  chaperones  and  other  cell- 
protective  pathways  to  protect  nascent  chain  synthesis  and  folding,  to  prevent  misfolding  and  aggregation,  and 
to  promote  recovery  from  stress-induced  damage. 13,14,16  Enhanced  proteasomal  activity  is  an  integral 
mechanism  by  which  the  HSR  provides  neuroprotection.  Therefore,  it  was  speculated  that  ASPs  may  enhance 
proteasomal  activity  via  induction  of  the  HSR.  Several  ASP  analogs  were  tested  for  their  impact  on  the  HSR 
using  a  HeLa  cell  based  assay  previously  developed  by  the  Morimoto  lab,  which  monitors  a  Hsp70  promoter- 
luciferase  reporter  (results  for  representative  analogs  are  shown  in  Figure  29D).  No  HSR  activation  was 
observed,  even  at  concentrations  10-fold  higher  than  the  EC50  values  for  neuroprotection.  This  result  establishes 
that  enhanced  protein  degradation  elicited  by  ASP  is  independent  of 
HSR  induction. 


Figure  30.  Resin  bound  BASP  cell 
lysate  pull-down  experiment 
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In  Vitro  Pull  Down  Experiments  for  Target  Identification 

Target  identification  studies  were  carried  out  to  define  the  protein 
target(s)  of  ASPs  and  fully  understand  their  mechanism  of  action.  This 
work  involved  the  use  of  two  complementary  techniques:  1)  affinity  bait 
experiments  employing  a  resin  bound  biotinylated  ASP  (BASP),  lysate 
pull-down,  SDS  PAGE,  and  proteomic  analysis;  and  2)  photoaffinity 
labeling  experiments  in  whole  cell  culture,  in  situ  functionalization  with 
chemical  biology  reporters,  SDS  PAGE,  fluorimaging,  affinity 
purification,  and  proteomic  identification. 

Affinity  bait  experiments  employing  a  biotinylated  ASP  probe. 

A  biotinylated  ASP  (BASP)  was  synthesized  as  described 
previously.17  The  BASP  was  immobilized  on  neutravidin  bound  agarose 
resin  under  saturating  conditions  and  incubated  with  PC  12  cell  lysate 
from  G93ASODl  cells.18  Nonspecific  protein  binding  was  removed  by 
sequential  washing  with  a  prepared  washing  solution  (4%  DMSO  in 
PBS)  followed  by  elution  of  the  proteins  in  SDS  buffer  after  denaturation 
by  heating  (70  °C,  10  min).  The  eluted  proteins  were  analyzed  by  SDS- 
PAGE  and  visualized  by  silver  staining  (Figure  30).  Several  bands  were 
observed  in  the  resin  bound  BASP  pull-down  sample  (Figure  30,  lane  5).  The  presence  of  similar  bands  in  the 
BASP  pull-down  compared  to  the  neutravidin  resin  background  control  (compare  lane  5  and  lane  3)  indicates  that 
the  BASP  bound  resin  was  not  entirely  saturated  by  the  BASP,  which  led  to  nonspecific  binding  of  background 


12  3  4  5 

1-  Ladder 

2-  G93S0D1  lysate  (10  uL) 

3-  Neutravidin  resin  +  lysate  (30  uL) 

4-  1  h  incubation  with  CMB-087229 
then  resin  bound  BASP  (30  uL) 
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biotinylated  proteins  present  in  the  lysate.  The  new  bands  in  lane  5  disappeared  upon  pre-incubation  with  CMB- 
087229  (compare  lane  4  and  lane  5).  Replicate  BASP  pull-down  experiments  employed  in-gel  digestion  of  the 
20-150  kDa  region  (via  several  25  kDa  sectional  excisions)  of  the  SDS  PAGE  gel  or  in-solution  digestion 
followed  by  proteomic  analysis  by  LC-MS/MS.  Potential  protein  targets  presented  by  the  database  were  analyzed 
by  sequence  matching  probability  score,  mass,  and  known  biological  function.19  Additional  relevance  criteria 
were  set  as:  1)  sequence  probability  of  99.9%  was  required  for  a  protein  to  be  considered  a  hit;  2)  the  biological 
function  of  the  protein  needed  to  have  a  strong  relevance  to  the  observed  bioactivity. 

Proteomic  analysis  identified  the  presence  of  dozens  of  proteins,  some  of  which  had  particular  relevance  to 
our  mechanism  of  action.  Multiple  proteasome  related  proteins  and  peptide  fragments  were  identified,  including: 
non-ATPase  26S  proteasome  regulatory  subunit  7  (PSMC7);  26S  regulator  subunit  8  [PSMC5];  26S  regulator 
subunit  6B  (PSMC4);  26S  non-ATPase  proteasome  regulatory  subunit  4  (PSMD4,  a.k.a.  rpnl4);  26S  non- 
ATPase  regulatory  subunit  3  (PSMD3);  26S  non-ATPase  proteasome  regulatory  subunit  2  (PSMD2). 
Additionally,  multiple  subunits  of  the  T-complex  protein  1  (TCP-1),  subunits  zeta  (58  kDa),  eta  (59  kDa),  gamma 
(61  kDa),  alpha  (60  kDa),  theta  (60  kDa),  delta  (58  kDa),  epsilon  (60  kDa),  and  beta  (57  kDa)  were  revealed. 
TCP-1  is  a  molecular  chaperone  that  plays  a  crucial  role  in  the  folding  of  tubulin,  actin,  and  a  host  of  other 
cytosolic  proteins  including  mutant  Huntingtin. 20,21  It  has  been  proposed  that  TCP-1  interacts  with  the  proteasome 
and  facilitates  the  degradation  of  TCP- 1  substrates  that  have  misfolded;  the  TCP-1  complex  functions  in  assisting 
protein  degradation  through  interaction  with  the  proteasome. 22  These  results  demonstrate  that  proteasomal 
subunits  bind  to  ASPs  with  relatively  strong  affinity  in  cell  lysate. 

Biotin  affinity  probe  experiments  employing  cell  lysates  have  been  shown  to  have  applications  in  target  ID  in 
the  past;  however,  the  inherent  poor  cell  permeability  of  the  biotin  moiety  limits  the  utility  of  the  BASP  in  more 
relevant  whole  cell  experiments.  A  more  desirable  paradigm  for  target  ID  involves  the  use  of  a  cell  permeable 
probe  to  examine  the  interactions  between  ligands  and  target  proteins  within  dynamic  biological  systems. 

Photoaffinity  Labeling  using  a  PhotoReactive  Alkynyl  Pyrazolone  Probe  (PRAPP) 

Probe  Design.  Design  and  synthesis  of  a  photoaffinity  probe  can  be  one  of  the  major  challenges  associated 
with  photoaffinity  labeling  studies  and  small  molecule  target  ID.  Several  photoaffinity  labeling  approaches  have 
been  described.23  Generally,  activity-based  probes  are  designed  to  have  the  following  characteristics:  1)  similar 
efficacy  as  the  lead;  2)  a  reactive  functionality  for  labeling  interacting  proteins;  3)  appropriate  physiochemical 
properties  to  allow  cell  permeation  and  aqueous  solubility;  and  4)  a  conjugation  site  for  modification  with 
chemical  biology  reporters.  A  combination  of  the  desire  to  incorporate  these  properties  and  a  wealth  of  SAR  data 
from  our  previous  investigations  made  it  possible  to  predict  a  priori  which  chemical  probe  would  be  suitable  for 
our  specific  application.  We  chose  to  incorporate  a  photoreactive  moiety  at  the  terminal  aryl  position  and  an 
alkynyl  conjugation  site  off  of  the  tertiary  nitrogen  of  the  CMB-087839  scaffold  (Figure  31).  A  perfluoroaryl 
azide  was  chosen  as  the  photolabeling  group  because  it  fit  seamlessly  into  our  SAR, 
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Figure  31.  Probe  design  rationale 
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and  UV  activation  of  perfluoroaryl  azides  yields  high  labeling  efficiency  compared  to  unsubstituted  aryl  azides 
and  other  photolytic  moieties.23,24  Furthermore,  perfluoroarylazides  are  capable  of  indiscriminately  inserting  into 
any  type  of  residue,  including  chemically  "inert"  aliphatic  C-H  bonds,  which  makes  this  moiety  appropriate  when 
little  information  on  binding  residues  is  available. 

Synthesis  and  Evaluatian.  Synthesis  of  the  desired  PRAPP  was  problematic  and  required  the  use  of  a  novel 
synthetic  route  (Scheme  1).  Related  analogues  and  SAR  controls  were  accessible  via  our  previously  described 
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Scheme  l.a  Synthesis  of  the  PRAPP 


o 


“  Reagents  and  conditions:  i)  NaH,  0  °C,  1  h,  then  p-methoxybenzyl  alcohol,  12  h;  ii)  NH2NH2,  EtOH,  5  min; 
iii)  TFA,  CH2CI2,  1  h,;  iv)  Boc20,  NaHCOs,  CH2C12;  v)  CBr4,  P(Ph3);  vi)  Ac20,  DMAP,  CH2C12,  1  h;  vii)  N-(4- 
azido-2,3,5,6-tetrafluorobenzyl)prop-2-yn-l-amine,  NaHC03,  CH2CI2;  iix)  TFA,  CH2CI2. 

route.25  The  PRAPP  library  (Figure  32)  was  evaluated  for  ability  to  ameliorate  MG- 132  induced  cellular  toxicity 
in  PC- 12  G93ASODl  cells.26  All  analogues  possessed  at  least  equipotent  activity  compared  to  the  1st  generation 
control  (CMB-003299,  Figure  32).  Importantly,  the  PRAPP  (EC50  =  0.19  pM)  demonstrated  better  potency  than 
the  lead.  It  is  also  noteworthy  that  pentafluorophenyl  containing  IS-1-53  gave  the  best  significant  activity. 


EC5o=  0.17  jjM  EC50  =  0.15  |jM 

Figure  32.  Focused  PRAPP  library.  EC50  values  are  based  on  12-point  dose-response  experiments.  Assay 
workflow:  G93aSOD1  cells  +  analyte  for  4  h  ->  +  MG  132  (400  nM)  48  h  ->  measure  viability  using  fluorescent 
probe  (Calcein-AM).  Values  were  normalized  to  DMSO  control  and  represent  the  mean  average  of  duplicate 
experiments.  S.D  ±  0.02  pM  for  untreated  control. 

Photolysis  Characterization 

Following  observations  of  neuroprotective  activity  by  the  PRAPP,  elementary  photoactivation  studies  were 
carried  out.  Fiterature  precedents  led  to  the  examination  of  photolysis  at  two  wavelengths  (312  nm  and  360 
nm).23,24  Short  term  irradiation  (<  30  min)  of  each  of  these  wavelengths  is  generally  considered  to  have  minimal 
detrimental  impact  on  biological  systems.  The  PRAPP  (100  pM)  was  irradiated  with  UV  light  for  varying 
periods  of  time  (2,  5,  10,  15,  and  30  min),  and  disappearance  was  monitored  by  HPLC-UV-Vis278nm  analysis 
(Figure  33).  Following  10  min  irradiation  at  312  nm,  the  PRAPP  was  completely  consumed,  with  a  photolysis 
ti/2  ~  2.3  min.  In  similar  experiments,  photolysis  following  irradiation  with  360  nm  light  for  10  min  was  found 
to  be  negligible  (~95  %  remaining  [data  not  shown]).  On  the  basis  of  these  results,  subsequent  photolabeling 
studies  involved  10  min  irradiation  with  312  nm  UV  light. 
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Figure  33.  PRAPP  rate  of  photoactivation  at  312  nm.  The  PRAPP  (100  pM)  was  dissolved  in  PBS  (50  mM,  pH 
7.4)  and  irradiated  with  UV  light  (312  nm,  6W,  4  cm).  Photolysis  was  monitored  by  HPLC-UV-Vis278nm. 


Photoaffinity  labeling  Studies  in  Whole  Cell  Culture.  Identifying  ligand-protein  interactions  within  dynamic 
biological  systems  is  exceedingly  challenging  and  the  ultimate  goal  of  most  successful  target  ID  projects.  The 
PRAPP  was  confirmed  to  be  neuroprotective,  and  conditions  for  photolysis  were  characterized.  The  approach  for 
whole  cell  photoaffinity  labeling  followed  the  schematic  shown  in  Figure  34.  At  the  appropriate  time-point 
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Figure  34.  PRAPP  Methodology  Overview 


(2  h,  2.5  h,  or  24  h)  culture  media  was  replaced,  and  cells  were  irradiated  with  UV  light  for  10  min.  The  cells 
were  then  lysed,  protein  concentrations  normalized,  and  the  resulting  protein  concentrates  conjugated  with 
appropriate  chemical  biology  functionalities.  Cu  (I)-catalyzed  “click”  conjugation  was  used  to  incorporate  two 
complementary  reporters:  1)  a  fluorescent  azido-rhodamine  (N3-Alexa488)  for  visualization  of  protein 
modification  via  fluorimaging  after  SDS  PAGE;  and  2)  an  azido-biotin  (N3-PEG4-biotin)  for  affinity  purification, 
SDS  PAGE,  band  excision,  tryptic  digest,  and  proteomic  analysis.  Similar  protein  modification  was  seen  from 
experiments  after  2  h  incubation  in  the  absence  of  MG- 132  and  24  h  experiments  with  MG- 132  (Figure  35  shows 
results  from  the  2  h  timepoint).  One  distinct  protein  band  was  observed  at  -25  kDa  based  on  a 
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Figure  35.  Photoaffinity  labeling  in  whole  cell  culture  using  PRAPP.  A)  in-gel  fluorescence  from  SDS 
PAGE  of  photoaffinity  labeling  following  2  h  incubations  in  G93ASODl  cell  culture.  B)  photoaffinity  labeling 
from  co-incubations  of  PRAPP  and  CMB-087839.  Two  inactive  photoaffinity  labeling  controls  were  used 

(IPRC1-2). 

concentration  dependent  increase  in  in-gel  fluorescence  (Figure  35A,  lanes  2-5).  This  band  was  not  present  in 
control  experiments  employing  two  inactive  photoaffinity  labeling  controls  (Figure  35A,  lane  6  and  Figure  35B, 
lane  1),  without  UV  light  induced  photolysis  (not  shown),  and  in  the  absence  of  the  PRAPP  (Figure  35 A,  lane 
1).  Pre-incubation  of  the  PRAPP  for  2  h  followed  by  addition  of  the  equipotent  CMB-087839  and  incubation  for 
an  additional  30  min  resulted  in  decreased  fluorescent  intensity  compared  to  the  PRAPP  alone  (compare  Figure 
35A,  lane  7  and  lane  4).  Alternatively,  pre-incubation  with  CMB-087839  completely  blocks  PRAPP 
modification  (Figure  35A  lane  8).  Co-incubation  with  CMB-087839  and  the  PRAPP  results  in  a  concentration 
dependent  decrease  in  band  intensity  (Figure  35B  lanes  3-5).  On  the  basis  of  these  results,  the  normalized  protein 
concentrates  were  conjugated  to  an  azido-biotin  for  affinity  purification  followed  by  SDS  PAGE,  band  excision 
(20-30  kDa)  and  proteomic  identification. 

Proteomic  analysis  led  to  the  identification  of  24  proteins  with  99.9%  certainty.  Approximately  one  third  of 
these  proteins  were  associated  with  hspbl  (a.k.a.  HSP27  in  humans  or  HSP25  in  rats),  a  small  heat  shock  protein 
(25  kDa  in  rats)  that  was  identified  with  -36%  sequence  coverage  and  the  highest  ID  score  based  on  iterative 
proteomic  ID  criteria  (i.e.,  unique  peptide  fragments,  %  sequence  coverage,  peptide-spectrum  matches).  On  the 
basis  of  the  high  %  sequence  coverage  compared  to  other  proteins  that  were  identified  (most  other  proteins  were 
identified  with  <  15%  coverage),  it  is  reasonable  to  assume  that  HSP27  is  present  in  high  abundance  within  this 
gel  band.  Multiple  proteasomal  subunits  were  also  identified,  although  none  of  these  coincided  with  those 
identified  in  the  biotin  affinity  bait  experiments  described  above. 

HSP27  is  a  small  ATP-independent  heat  shock  protein  and  molecular  chaperone.  Hsp27  has  been  the 
subject  of  intense  research  efforts  recently  but  is  still  relatively  poorly  understood.  It  was  observed  that  Hsp27 
large  oligomers,  which  are  in  dynamic  equilibrium  with  those  of  smaller  sizes,  have  ATP-independent  “holdase” 
chaperone  activity.  Following  cellular  stress,  it  stores  misfolded  polypeptides  in  large  oligomeric  complexes. 
Subsequently,  the  stored  misfolded  polypeptides  are  either  processed  for  refolding  by  ATP-dependent  chaperones 
(i.e.,  Hsp70  and  co-chaperones)  or  transported  to  the  proteasome  for  degradation.  Under  physiological  conditions, 
Hsp27  exists  in  large  oligomeric  complexes  (500-800  kDa)  and  is  regulated  via  phosphorylation  by  kinases 
(particularly  MAPKAP  kinases  2  and  3).  Phosphorylation  causes  a  shift  in  Hsp27  equilibrium  from  large 
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oligomeric  species  to  dimers  or  monomers.  This  equilibrium  shift  has  been  shown  to  be  important  for 
neuroprotective  activity.27  Hsp27  is  known  to  have  neuroprotective  effects,  including  disease  modifying  effects 
in  an  ALS  model.28  Furthermore,  Hsp27  overexpression  results  in  enhanced  proteasome  activation.  Dimeric  and 
monomeric  Hsp27  species  directly  interact  with  the  proteasome.29  It  is  important  to  note  that  Hsp27  has  a  cellular 
mechanism  for  rapid  response  to  cellular  stress  (minutes)  and  does  not  necessarily  require  induction  of  the  HSR 
to  act  upon  misfolded  proteins. 

During  the  course  of  our  target  ID  studies  we  have  used  multiple  chemical  biology  techniques  to  understand 
the  direct  binding  partners  of  ASPs  in  a  biological  system.  Photoaffinity  labeling  studies  demonstrated  that 
binding  interactions  exist  between  a  small  ATP-independent  Hsp,  HSP27,  and  the  PRAPP.  A  mechanism  of 
action  involving  HSP27  elicited  enhancement  in  proteasomal  activity  is  supported  by  our  results  from  biotin- 
affinity  bait  experiments  and  examination  of  proteasomal  activity  in  cell-based  studies.  Because  of  its  integral 
functions  in  cellular  survival,  HSP27  modulators  are  desirable  for  a  broad  range  of  therapeutic  indications, 
including  cancer  therapy  and  as  neuroprotective  agents.  There  are  few  reports  of  HSP27  small  molecule 
modulators  in  the  literature,  and  the  accounts  that  do  exist  rely  upon  mechanisms  that  act  through  induction  of 
the  HSR  to  increase  HSP27  expression  (e.g.,  sulforaphane).30  Our  observations  of  ASPs  as  novel  small 
molecule  modulators  of  HSP27  that  are  capable  of  enhancing  proteasomal  activity  in  the  absence  of  HSR 
induction  could  aid  future  directions  in  drug  development. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Synthesized  new  classes  of  analogues  related  to  the  ASP  and  CHD  structures,  both  with  good  activity 

•  Identified  a  possible  explanation  for  why  the  CHD  analogue  did  not  exhibit  lifespan  extension  in  the 
ALS  mouse  and  have  prepared  two  compounds  that  address  that  problem 

•  Repeated  ALS  mouse  experiments  with  CMB-021805  (PYT)  under  different  dosing  regimens  and  found 
an  even  greater  life  extension  of  31%  (previously  our  best  was  26%). 

•  Carried  out  gene  profiling  in  both  G93A  and  G85R  models  of  ALS  and  have  gene  array  evidence  for 
which  proteins  may  be  involved  in  the  mechanism  of  action  of  CMB-021805,  namely  those  involved  in 
mitochondrial  functioning 

•  Two  protective  proteins,  superoxide  dismutase  2  (SOD2),  and  brain-derived  neurotrophic  factor 
(BDNF),  were  found  to  be  upregulated  by  CMB-021805. 

•  Protein  chip  array  studies  were  carried  out  with  CMB-021805,  and  a  total  of  57  different  proteins  were 
shown  to  be  affected,  some  requiring  the  presence  of  NaCl  and  others  not.  Of  the  57  proteins,  18  were 
affected  both  in  the  presence  and  absence  of  NaCl. 

•  An  active  ASP  analog  has  been  modified  with  a  tether  to  a  biotin  in  preparation  for  protein  pull-down 
experiments  to  identify  to  what  protein(s)  the  ASP  compound  binds. 

•  Identified  a  new  class  of  active  AXP  compounds  with  X  =  nitrogen  in  place  of  oxygen;  these  can  also  be 
used  for  target  pull-down  experiments 

•  Identified  another  new  class  of  active  compounds  with  a  basic  nitrogen  so  salt  forms  are  stable  for 
increased  solubility 

•  Elucidated  the  SAR  of  the  AXP  class  of  compounds,  demonstrating  that  N2-H  of  the  pyrazolone  ring  is 
absolutely  essential  for  activity 

•  The  most  potent  AXP  was  sent  for  pharmacological  and  functional  screening,  and  only  one  protein  was 
affected,  namely,  metabotrophic  glutamate  receptor  5  (niGluRs) 

•  mGluRs  antagonists,  however,  are  not  active  in  our  screen 

•  Additional  sites  on  the  AXP  compounds  were  identified  for  attachment  to  agarose  beads  for  protein  pull¬ 
down  experiments 

•  A  new  CHD  compound  was  separated  into  enantiomers,  found  to  be  active,  had  good  ADME  properties, 
and  was  highly  nontoxic  (MTD  >5g/kg) 

•  The  more  potent  CHD  enantiomer  produced  a  13%  increase  in  the  lifespan  of  the  ALS  mouse  relative  to 
the  control 
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•  MTD  studies  were  carried  out  on  nine  novel  compounds;  three  of  them  had  MTD  >  5g/kg;  three  had 
MTD  1280  mg/kg;  two  were  irritants;  one  had  MTD  100  mg/kg 

•  Mechanisms  of  action  studies  of  our  best  PYT  compound  showed  anti  protein  aggregation  properties, 
improved  brain-derived  neurotrophic  factor,  reduced  oxidative  stress,  modulated  aberrant  nucleosomal 
dynamics,  and  ameliorated  mitochondrial  dysfunction,  and  was  neuroprotective 

•  Protein  chip  array  studies  were  repeated  with  a  competitor  molecule  to  differentiate  false  positives;  29 
hits  were  observed,  but  one,  26S  proteasome  non-ATPase  regulatory  subunit  14  (rpnl4),  appears 
promising 

•  Induction  of  a  heat  shock  response  does  not  appear  to  be  the  mechanism  of  these  compounds 

•  From  affinity  bait  experiments,  activation  of  the  proteasome  is  a  possible  mechanism  for,  at  least,  the 
PYTs. 

•  Photoaffinity  labeling  experiments  have  identified  HSP27  as  a  possible  target  for,  at  least,  the  ASPs 
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Association  Chicago  Investigators  Workshop  and  Symposium  (Chicago)  Oct.  2011;  Les  Turner  ALS 
Foundation  2nd  Annual  Symposium  (Chicago,  IL)  May  2012. 

CONCLUSIONS 

We  have  identified  new  structures  within  the  three  general  classes  of  compounds  (PYT,  ASP,  and  CHD) 
that  have  improved  potency  and  pharmacokinetic  properties,  and  ALS  mouse  trials  using  several  of  these 
compounds  have  resulted  in  13-31%  extension  of  life.  At  10  mg/kg  BID,  CMB-021805,  gave  a  31%  life 
extension,  which  is  above  any  reported  mouse  trial  extension  of  life.  Our  results  also  showed  that  CMB- 
021805  significantly  improved  the  motor  performance  and  rescued  body  weight  loss.  All  of  the  compounds 
tested  in  vivo  have  high  maximum  tolerated  dose  levels  (320  mg/kg  to  5  g/kg),  suggesting  low  toxicity.  Our 
findings  were  confirmed  using  neuropathological  analyses,  and  we  have  met  the  specific  aims  of  the  study.  In 
addition,  we  have  provided  in  vivo  data  on  the  mechanism  of  action  associated  with  CMB-021805,  suggesting 
that  the  neuroprotective  effect  may  be  associated  with  improved  mitochondrial  function.  Two  types  of 
mechanism  of  action  experiments,  using  protein  pull-down  methods,  have  identified  activation  of  the 
proteasome  and  interaction  with  HSP27  as  possible  mechanisms  for,  at  least,  the  ASP  class  of  compounds. 
These  data  may  also  provide  biomarkers  for  use  in  human  clinical  trials. 
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Amyotrophic  lateral  sclerosis  (ALS)  is  a  debilitating  and  fatal  neurodegenerative  disease.  Although  the 
cause  remains  unknown,  misfolded  protein  aggregates  are  seen  in  neurons  of  sporadic  ALS  patients, 
and  familial  ALS  mutations,  including  mutations  in  superoxide  dismutase  1  (SOD1),  produce  proteins 
with  an  increased  propensity  to  misfold  and  aggregate.  A  structure  activity  relationship  of  a  lead  scaffold 
exhibiting  neuroprotective  activity  in  a  G93A-SOD1  mouse  model  for  ALS  has  been  further  investigated  in 
a  model  PCI  2  cellular  assay.  Synthesis  of  biotinylated  probes  at  the  N1  nitrogen  of  the  pyrazolone  ring 
gave  compounds  (5d-e)  that  retained  activity  within  10-fold  of  the  proton-bearing  lead  compound 
(5a)  and  were  equipotent  with  a  sterically  less  cumbersome  iV1 -methyl  substituted  analogue  (5b).  How¬ 
ever,  when  methyl  substitution  was  introduced  at  N1  and  N2  of  the  pyrazolone  ring,  the  compound  was 
inactive  (5c).  These  data  led  us  to  investigate  further  the  pharmacophoric  nature  of  the  pyrazolone  unit.  A 
range  of  N1  substitutions  were  tolerated,  leading  to  the  identification  of  an  iV1 -benzyl  substituted  pyraz¬ 
olone  (5m),  equipotent  with  5a.  Substitution  at  N2  or  excision  of  N2,  however,  removed  all  activity.  There¬ 
fore,  the  hydrogen  bond  donating  ability  of  the  N2-H  of  the  pyrazolone  ring  appears  to  be  a  critical  part  of 
the  structure,  which  will  influence  further  analogue  synthesis. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 


Amyotrophic  lateral  sclerosis  (ALS),  commonly  known  as  Lou 
Gehrig’s  disease,  is  a  progressive  and  ultimately  fatal  neurodegen¬ 
erative  disease,  with  a  worldwide  prevalence  of  approximately  2 
per  100,000.  The  disease  generally  first  presents  between  40  and 
60  years  of  age;  loss  of  motor  neurons  controlling  voluntary  ac¬ 
tions  results  in  progressive  muscle  paralysis  and  death  attributed 
to  respiratory  failure,  typically  within  3-5  years  of  diagnosis.1 

Currently,  the  only  approved  drug  for  ALS,  riluzole,  extends 
median  survival  by  only  2-3  months.2  Clearly,  there  is  a  need  for 
new  therapeutics;  however,  progress  has  been  impeded  because 
the  underlying  pathology  of  the  disease  remains  unknown.  There 
is  strong  evidence3  that  one  pathophysiological  mechanism  in  par¬ 
ticular,  that  of  toxic  protein  misfolding  and/or  aggregation,  may 
trigger  motor  neuron  dysfunction  and  loss.  Mutations  in  familial 
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ALS  (FALS)  patients  that  promote  protein  misfolding  and  aggrega¬ 
tion  include  Cu/Zn  superoxide  dismutase  type  1  (SOD1  ),4  UBQLN2,5 
TAR  DNA  binding  protein  (TDP-43),6  fused  in  sarcoma/translated  in 
liposarcoma  (FUS/TLS),7  and  angiogenin  (ANG)8  and,  in  addition, 
TDP-43  aggregates  are  seen  in  motor  neurons  of  sporadic  ALS 
(SALS)  patients.9 

The  clinical  phenotype  and  pathology  of  SALS,  which  accounts 
for  90%  of  all  ALS  cases,  are  indistinguishable  from  those  of  the 
familial  form.10  It  has  therefore  been  possible  to  make  significant 
advances  in  studying  the  pathology  of  ALS  through  the  investiga¬ 
tion  of  the  familial  form  of  the  disease,11  which  accounts  for  only 
approximately  10%  of  all  cases,  20%  of  which  are  caused  by 
missense  mutations  in  the  gene  encoding  for  the  enzyme  SOD1. 
Recent  studies12  have  now  linked  FALS  to  SALS  through  common 
SOD1  containing  astrocytes,  demonstrating  that  SOD1  is  a  viable 
target  for  both  FALS  and  SALS,  providing  further  impetus  to  the 
identification  of  compounds  active  in  mutant  SOD1  disease 
models. 

We  previously  described13  a  high  throughput  screening  method 
for  the  identification  of  compounds  active  in  a  PCI  2  cell  model  in 
which  protein  aggregation  and  cell  death  depended  on  the 
expression  of  G93A  SOD1.  One  of  the  chemical  scaffolds  identified 
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in  this  screen  was  the  arylsulfanylpyrazolones.14  Although  ineffec¬ 
tive  as  a  potential  therapeutic  because  of  the  metabolic  instability 
of  the  sulfanyl  linker,  this  scaffold  has  served  as  a  valuable  lead  for 
detailed  structure-activity  relationship  (SAR)  studies,15  resulting 
in  5a  (Scheme  1,  Table  1),  which  has  an  EC50  =  0.067  pM  in  our 
G93A-SOD1  cell  assay  and  is  active  in  a  mutant  SOD1  mouse  model 
of  ALS.  Methylation  of  5a  to  5b  (Table  1 )  or  conjugation  with  biotin 
(5d)  gave  compounds  with  similar  EC50  values,  but  dimethylation 
to  5c  gave  an  inactive  compound.  This  intriguing  result  led  us  to 
investigate  the  cause  for  the  inactivity  of  5c  relative  to  much  more 
sterically-demanding  active  compounds,  such  as  5b  and  5d.  Here, 
we  describe  the  SAR  profile  of  the  pyrazolone  ring;  substitution, 
excision,  and  replacement  of  one  or  both  of  the  two  nitrogen  atoms 
is  described,  and  the  pharmacophoric  nature  of  the  N2-position  is 
demonstrated. 

The  synthetic  route  delineated  in  Scheme  1  was  modified  in 
step  iv  to  include  the  addition  of  suitably  substituted  hydrazine 
reagents,  providing  access  to  a  wide  range  of  ^-substituted 
pyrazolone  analogues  (Table  1).  Phenyl,  heteroaryl,  alkyl,  and 
acyl-substituted  pyrazolones  were  synthesized  and  their  activities 
determined. 

Alkyl  substitution  at  the  N1 -position  of  the  pyrazolone  ring  is 
tolerated,  albeit  with  an  approximately  10-fold  reduction  in  cell 
activity  compared  to  5a.  All  of  the  N1 -substituted  compounds  were 
active  except  for  5f,  5j,  5k,  and  5o.  Steric  hindrance,  apparently, 
plays  little  or  no  role  in  the  activity  of  the  compounds  synthesized; 
compounds  with  methyl  (5b,  EC50  =  0.67  pM),  biotin  (5d,  EC50  = 
0.56  pM)  and  tetraethyleneglycol-linked  biotin  (5e,  EC50  = 
0.67  pM)  all  display  the  same  activity  over  a  substituent  length 
from  1  to  24  atoms  including,  in  the  case  of  biotin  compounds 
5d  and  5e,  the  presence  of  a  bulky  tetrahydro-lH-thieno(3,4-d)imi- 
dazol-2(3H)-one  ring. 

The  inactivity  of  5f  is  intriguing  because  it  is  small  and  not 
bulky.  As  an  explanation  for  this  lack  of  activity,  we  considered 
the  possibility  that  the  compound  exists  in  a  bicyclic  structure 
with  the  hydroxyl  hydrogen  bonded  to  the  N2  position,  thereby 
forming  a  six-membered  intramolecular  hydrogen-bonded  ring 
and  blocking  the  hydrogen  bond  donating  ability  of  the  N2  posi¬ 
tion.  To  support  this  hypothesis,  the  hydroxypropyl-substituted 
compound  (5g)  was  synthesized  from  known  3-hydrazinylpro- 
pan-l-ol. 16  The  corresponding  hydrogen  bonding  in  5g  would  lead 
to  an  unfavorable  seven-membered  ring,  which  therefore  would 
not  be  expected  to  form,  allowing  the  hydrogen  bond  donating 
ability  of  the  N2  position  to  be  unobstructed.  In  agreement  with 
this  hypothesis,  5g  was  active  (EC50  =  0.34  pM).  The  stability  of 
the  proposed  six-membered  hydrogen  bonded  ring  has  been 


.  | —  1  Br 

'  L—  2  N(OCH3)CH3 


V  0  o 


4  5a  R  =  H 

Reactants  and  conditions:  i)  TEA,  (Me)N(OMe).HCI,  DCM  (65%); 
ii)  3,5-dichlorophenol,  NaOEt,  EtOH,  heat  (47%);  iii)  LiHMDS, 
EtOAc,  THF,-78  °C  (56%);  iv)  NH2NHR,  EtOH,  RT  (28%). 


Scheme  1.  Synthesis  of  lead  compound  5a  via  Weinreb  amide  intermediate  3. 


Table  1 

SAR  studies  of  substitution  of  the  pyrazolone  ring 
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H  >32 

H  0.49 

H  0.27 

H  0.42 

H  0.31 

H  0.33 
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O 


a  >32  pM  indicated  EC50  not  reached  at  the  highest  concentration  used.  All  values 
are  reported  as  the  mean  average  of  three  determinations.  Average  71  factor 
value  =  0.5. 

estimated  to  be  20  kj/mol17  (4.8  kcal/mol)  and  29  kj/mol 
(6.9  kcal/mol),18  which  could  account  for  the  large  difference  in 
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activity  between  5f  and  5g.  Explanations  relating  to  solubility,  cell 
permeability,  or  bioavailability  are  unlikely,  given  the  one  methy¬ 
lene  difference  from  that  of  5g. 

An  alternative  possibility  regarding  the  importance  of  hydrogen 
bonding  for  activity  is  that  the  tautomeric  enol  form  of  the  pyraz¬ 
olone  is  the  active  form,  and  it  is  the  enol  hydroxyl  that  is  essential 
for  activity.  If  that  were  the  case,  there  are  two  tautomeric  forms, 
one  that  retains  the  N1-!-!  and  one  that  retains  the  N2-H  (both  still 
having  the  enol  OH)  (Fig.  1).  If  the  OH  were  the  important  H-bond 
donor,  the  activity  would  not  be  affected  if  the  compound  were 
methylated  at  N1  or  N2.  In  a  related  series  of  compounds  from 
our  group,19  the  N1 -methylated  analogue  was  active,  but  the 
N2-methylated  analogue  was  not  active.  If  the  enol  OH  were  rele¬ 
vant,  both  of  those  methylated  compounds  would  have  been 
active. 

An  increase  in  electron-withdrawing  ability  should  have  an 
important  effect  on  activity  because  of  its  decrease  in  the  p I<a  of 
N2-H  and  corresponding  promotion  of  hydrogen  bond  donation 
ability.  Suprisingly,  phenyl  substitution  at  N1  attenuated  the  activ¬ 
ity  of  the  pyrazolone  (5h,  EC50  =  1.03  pM),  allowing  further  charac¬ 
terization  of  the  relatively  expansive  pocket  environment  the  N1 
substituents  inhabit.  A  further  decrease  in  activity  of  analogue  5i 
and  total  loss  of  activity  with  N1 -phenyl  analogues  5j  and  5k,  con¬ 
taining  multiple  strong  electron-withdrawing  substituents  was  ob¬ 
served.  An  explanation  for  the  reduced  activity  seen  with  5h  and  5i 
may  be  the  steric  bulk  of  the  introduced  phenyl  ring,  which  im¬ 
pedes  the  N2  position  and  prevents  hydrogen  bond  donation.  The 
lack  of  activity  of  5j  and  5k  may  be  attributed  to  steric  crowding 
by  the  ortho  substituents,  which  completely  block  the  hydrogen 
bond  donating  ability  at  N2,  further  supporting  our  assertion  that 
this  position  represents  an  important  pharmacophore  of  the  pyraz¬ 
olone  moiety.  These  results  support  the  importance  of  N2-H  in  its 
activity,  presumably  some  hydrogen-bonding  interaction  with  a 
target  that  is  essential  for  activity.  The  N^phenylthiazole  substi¬ 
tuted  analogue  (51)  is  equipotent  (EC50  =  1.00  pM)  with  phenyl 
substituted  pyrazolone  5h,  illustrating  that  five-membered  aro¬ 
matics  and  bulky  bicyclics  are  tolerated  at  this  position. 

The  moderate  activity  displayed  by  phenyl  substitution,  cou¬ 
pled  with  the  relatively  large  steric  pocket  that  N1  substituents  in¬ 
habit,  suggested  the  synthesis  of  a  benzyl-substituted  pyrazolone, 
providing  steric  relief  from  the  phenyl  moiety  by  the  methylene 
spacer.  Compound  5m  was  the  most  potent  of  the  substituted 
pyrazolones  yet  synthesized,  having  an  EC50  =  0.13  pM,  essentially 
equivalent  to  that  of  5a  (EC50  =  0.067  pM)  within  the  reproducibil¬ 
ity  of  the  assay.13  Substitution  around  the  benzyl  ring  attenuates 
bioactivity;  meta-hydroxybenzyl  analogue  5n  exhibits  an  almost 
three-fold  reduction  in  potency  (EC50  =  0.36  pM).  Introduction  of 
a  para-methoxyl  substituent  (5o)  renders  the  compound  inactive. 
It  is  not  clear  why  the  para-methoxyl  functionality  exerts  a  deacti¬ 
vating  effect. 

Acyl  substitution  appears  to  be  well  tolerated.  Pyrazolones 
5p-5t  have  comparable  EC50  values,  and  5u-5w  are  comparable 
but  about  one-third  less  potent.  To  aid  in  future  target  identifica¬ 
tion  studies  of  these  compounds  phenylisothiocyanate  5t  was  pre¬ 
pared.  It  was  anticipated  that  this  compound  would  act  as  a 
covalent  linker,  forming  a  bond  with  a  suitably  disposed  residue 
within  the  target  of  action  active  site  for  use  in  subsequent  affinity 
chromatography  experiments.  This  was  among  the  most  potent  of 
the  acyl-substituted  pyrazolones.  Appendage  of  a  biotin  or  affinity 


gel  moiety  to  5t  will  determine  if  this  approach  will  be  successful 
in  a  protein  pull-down  experiment. 

To  further  establish  the  pharmacophoric  nature  of  the  N2  hydro¬ 
gen  bond  donor  group,  a  series  of  pyrazolone  ring  analogues  was 
synthesized,  which  replaced  N2  and  other  positions  around  the 
pyrazolone  ring  with  heteroatoms  and/or  methylene  groups.  Lac¬ 
tone  9  was  obtained  from  the  nucleophilic  coupling  of  known  bro- 
mo-substituted  lactone  820  and  3,5-dichlorophenol  (Scheme  2)  in 
analogy  with  compounds  5a-w.  The  lactone,  lacking  the  hydrogen 
bond  donor  ability  of  the  pyrazolone  nitrogen  at  N2,  was  inactive  in 
the  assay,  providing  further  evidence  for  the  importance  of  the  N2 
position  for  bioactivity. 

Replacement  of  the  pyrazolone  ring  with  a  cyclopentanone  ring 
(13)  was  achieved  through  an  analogous  coupling  of  known  iodide 
1221  with  3,5-dichlorophenol  (Scheme  3)  to  produce  a  compound 
devoid  of  both  nitrogen  atoms  of  the  pyrazolone  ring  and  of  biolog¬ 
ical  activity. 

The  isoxazol-3(2H)-one  analogue  (17)  was  synthesized 
(Scheme  4)  using  a  modified  procedure.22  The  lithium  acetylide 
of  propargyl  bromide  was  treated  with  ethyl  chloroformate  to  yield 
bromotetrolate  15;  addition  of  an  aqueous  methanolic  solution  of 
hydroxylamine  and  careful  control  of  pH  afforded  bromomethylis- 
oxazole  16.  Subsequent  addition  of  3,5-dichlorophenol  provided 
17,  which,  lacking  the  crucial  N2  hydrogen  bond  donating  group, 
displayed  no  activity. 

Another  ring  system  lacking  the  N2  hydrogen  bond  donor  is 
illustrated  by  benzyl  protected  unsaturated  pyrolidinone  22 
(Scheme  5).  This  was  obtained  by  reduction  of  commercially  avail¬ 
able  pyrrolidinone  ester  18  to  form  alcohol  19,  followed  by  mesy- 
lation  and  nucleophilic  addition  of  a  bromide  ion  to  furnish 
bromide  20  in  good  yield  (42%)  relative  to  the  alternative  Appel 
reaction  (PBr3,  pyridine;  2%  yield);  addition  of  3,5-dichlorophenol 
to  20  provided  pyrrolidinone  21.  Subsequent  addition  of  phenylsel- 
enyl  bromide  to  the  prepared  enolate  and  selenoxide  elimination 
provided  unsaturated  pyrrolidinone  22,  identical  to  the  most  po¬ 
tent  analogue  (5m)  except  lacking  the  crucial  N2-H.  Again,  both 
21  and  22,  possessing  no  N2  hydrogen  bond  donor,  had  no  activity 
(EC50  =  >32  pM). 

In  conclusion,  we  have  shown  that  the  N2  pyrazolone  position  is 
essential  for  the  cellular  activity  of  this  class  of  compounds.  While 
other  factors  such  as  cell  membrane  penetration  may  play  a  role  in 
the  activity  patterns  of  some  of  these  compounds,  a  sufficient  de¬ 
gree  of  evidence  has  been  accumulated  to  support  the  hypothesis 
that  the  hydrogen  bond  donating  N2-H  group  is  pharmacophoric 
in  these  compounds.  SAR  data  have  provided  further  information 
on  the  interactions  of  5a  and  its  analogues.  Steric  considerations 
are  of  little  importance  around  the  pyrazolone  N1  area,  suggesting 
a  large  open  pocket  or  corridor  within  the  target  structure.  Place¬ 
ment  of  a  benzyl  group  p  to  the  pyrazolone  N1  (5m)  enhances  its 
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Reagents  and  Conditions:  i)  NBS,  CCI4,  Benzoyl 
peroxide,  reflux  (98%);  ii)  5%  NaOH  (61%);  iii) 
NaOEt,  EtOH,  reflux  (14%) 


Figure  1.  Tautomeric  forms  of  the  pyrazolones. 


Scheme  2.  Synthesis  of  lactone  analogue  9. 
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Cl 

13 


Reagents  and  Conditions:  i)  Me3SOI,  DM  SO, 
NaH  (33%);  ii)  Me3SiCI,  Nal,  MeCN,  RT 
(39%);  iii)  3,5-dichlorophenol,  NaOEt,  EtOH, 
reflux  (27%) 


potency,  suggesting  the  presence,  within  the  target,  of  a  hydropho¬ 
bic  pocket,  possibly  containing  aromatic  residues.  The  importance 
of  the  N2-H  group  to  participate  in  hydrogen  bond  donating  inter¬ 
actions  with  the  biological  target  serves  to  promote  this  scaffold  as 
both  a  lead  compound  for  further  therapeutic  investigation  and  as 
a  probe  compound  to  potentially  identify  the  biological  target  for 
these  compounds. 
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Supplementary  data 


Scheme  3.  Synthesis  of  cyclopentanone  13. 


16  17 


Reagents  and  Conditions:  i)  a,  nBuLi,  THF,  Et20,  - 
40  °C;  b,  Ethyl  chloroformate  (11%);  ii)  NH2OH, 

MeOH,  -35  °C  -  RT  (47%);  iii)  3,5-dichlorophenol, 

NaOEt,  EtOH,  70  °C  (20%) 

Scheme  4.  Synthesis  of  3-bromo-4,5-dihydroisoxazole  analogue  17. 


Reagents  and  Conditions:  i)  LiBH4,  THF,  RT  (99%);  ii)  PBr3,  Py, 

DCM  (2%)  or  MsCI,  NEt3  then  LiBr  (42%);  iii)  3,5-dichlorophenol, 
NaOEt,  DMF,  reflux  (24%);  iv)  a)  LDA,  PhSeBr,  THF,  -78°C,  b)  H202, 
H20,  DCM  (27%). 
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Scheme  5.  Synthesis  of  protected  pyrolidinone  analogue  22. 
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A  novel  method  to  construct  the  l-aryl-3-piperidone  scaffold  is  described  here.  Starting  from 
3,5-dichloroaniline,  a  seven-step  synthesis,  without  the  use  of  protecting  groups,  generates  the  desired 
3-piperidone  ring  in  an  overall  yield  of  30%  through  a  key  Morita-Baylis-Hillman  reaction  and  ring¬ 
closing  metathesis,  providing  an  easy  access  to  diverse  and  useful  heterocycles. 
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The  piperidine  ring  is  an  ubiquitous  structure  present  in  many 
natural  alkaloids1  and  drug  candidates;2  therefore,  its  synthesis  at¬ 
tracts  much  interest  from  organic  chemists  (Fig.  1).  Of  the  piperi¬ 
dine  derivatives,  3-piperidone  is  an  important  intermediate 
because  of  its  easy  conversion  to  other  functional  groups  using  var¬ 
ious  methods  for  the  construction  of  bioactive  heterocycles.  For 
example,  the  transformation  of  a  4-carboethoxy-3-piperidone  to 
pyrimidinone  RO3203546,  a  selective  oc-1  antagonist,3  and  the  rear¬ 
rangement  of  a  2-methyl-3-piperidone  to  a  2-acetylpyrrolidine4 
proceed  from  3-piperidone  intermediates. 

A  typical  procedure  to  3-piperidones  employs  an  intramolecular 
Claisen  condensation  of  two  branched  esters  of  a  tertiary  amine  to 
form  a  cyclic  p-ketoester,  followed  by  decarboxylation.5  However, 
the  extra  deprotection  step,  as  well  as  the  moderate  to  low  yield  in 
the  Claisen  condensation,  limits  its  application.  Herein  we  report  a 
novel  route  to  construct  l-aryl-3-piperidone-4-carboxylate  ana¬ 
logues  without  the  use  of  protecting  groups. 

As  a  part  of  an  ongoing  project  in  our  group  to  discover  a 
therapeutic  for  amyotrophic  lateral  sclerosis  (ALS),6  the  synthesis 
of  the  3-piperidone,  l-(3,5-dichlorophenyl)-4-carboethoxy- 
3-piperidone  (6),  was  a  high  priority.  Initially  we  tried  diethyl 
carbonate  and  Mander’s  reagent,7  which  was  successful  in  our 
synthesis  of  the  isomeric  l-aryl-4-piperidone-3-carboxylate  2,  but 
those  reagents  gave  no  p-ketoester  from  3-piperidone  5  (Scheme 
1 ).  A  Dieckmann  condensation  of  diester  3  was  shown  to  be  an  effec¬ 
tive  alternative  route,  but  that  reaction  also  failed  when  applied  to  7. 
Possibly,  the  intramolecular  enolate  attack  does  not  occur  because 
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the  planar  aniline  structure  (7)  reduces  the  flexibility  of  the  ester 
chain  and  causes  a  loss  of  its  ability  to  condense  with  the  other  ester. 
Several  other  attempts,  including  the  use  of  a  strong  lithium  base, 
intramolecular  Claisen  condensation  between  the  corresponding 
Weinreb  amide  and  an  ester  and  a  Buchwald  amination  of  the  corre¬ 
sponding  phenyl  bromide  and  3-piperidone,  also  failed. 

Since  two  possible  bond-breaking  positions  around  the 
p-ketoester  moiety  (6,  a  and  b,  Fig.  2)  were  fruitless,  our  focus 
shifted  to  position  c.  Given  the  wide  utilization  of  Grubbs  catalysts 
to  mediate  ring  closing  metathesis  reactions,8  we  decided  to  re¬ 
place  the  single  bond  at  position  c  with  a  double  bond.  The  double 
bond  might  isomerize  from  position  c  to  b,  which  would  provide 
the  p-ketoester  from  the  isomeric  allylic  alcohol  in  one  step.  Retro- 
synthetically,  6  could  be  derived  from  8,  which  could  come  from 
another  key  synthon  9  through  a  Morita-Baylis-Hillman  (MBH) 
nucleophilic  addition,9  and  9  could  be  made  from  commercially 
available  10. 

The  selective  reactions  of  ethyl  bromoacetate  and  allyl  bromide 
with  the  aniline  were  performed  under  standard  conditions 
(Scheme  2)  in  good  yields. 

Subsequent  conversion  to  8  was  achieved  via  DIBAL  reduction 
and  then  the  MBH  nucleophilic  attack  of  acrylate  mediated  by  DAB- 
CO.  Standard  conditions  for  ring-closing  metathesis  with  5%  Grubbs 
II  catalyst  produced  cyclic  allyl  alcohol  12  in  near  quantitative 
yields;  the  product  yield  decreased  if  the  loading  amount  of  Grubbs 
catalyst  was  reduced  (see  Supplementary  data).  With  12  on  hand, 
several  redox  isomerization  reactions  of  allyl  alcohols  to  carbonyl 
compounds  were  explored,  including  Pd/C,  Ru(PPh3)2Cl2,10  and 
Cp*Ru(CH3CN)3PF6.n  However,  no  desired  isomeric  product  was 
observed.  Therefore,  12  was  converted  to  6  by  hydrogenolysis  of 
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Figure  1.  Examples  of  piperidine-containing  alkaloids  and  drugs. 


Scheme  1.  Reagents  and  conditions:  (a)  (EtO)2CO  or  CNCOOMe,  NaH,  MeOH,  toluene,  80  °C,  3  h,  24%;  (b)  NaH,  toluene,  reflux,  4  h,  52%.3 


Figure  2.  Retrosynthetic  analysis  of  3-piperidone  analogue. 


Scheme  2.  Reagents  and  conditions:  (a)  BrCH2COOEt,  DIPEA,  90  °C,  24  h,  88%;  (b)  I<2C03,  Nal,  allyl  bromide,  CH3CN,  reflux,  2  days,  83%;  (c)  DIBAL,  DCM,  -78  °C,  1  h,  86%;  (d) 
DABCO,  methyl  acrylate,  room  temp,  3  days,  71%;  (e)  5  mol  %  Grubbs  II,  DCM,  reflux,  5  h,  96%;  (f)  5  mol  %  Pd/C,  MeOH,  reflux,  16  h;  (g)  5  mol  %  Ru(PPh3)2Cl2  toluene,  I<2C03, 
100  °C,  16  h;  (h)  Cp*Ru(CH3CN)3PF6,  I<2C03,  CH3CN,  80  °C,  1  h;  (i)  Pd/C,  EtOAc,  1  atm  H2,  room  temp,  16  h;  (j)  Dess-Martin  periodinane,  DCM,  room  temp,  1  h,  70%  for  two 
steps;  (k)  NH2NH2,  EtOH,  room  temp,  16  h,  74%. 
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the  double  bond  followed  by  Dess-Martin  periodinane  oxidation  of 
the  alcohol  in  good  yields,  giving  6  in  an  overall  yield  of  30%  for  the 
seven  steps.  Compound  6  was  readily  converted  to  our  desired  pyr¬ 
azolone  analogue  13  with  hydrazine. 

The  3-piperidinone  analogue  (6)  is  a  useful  intermediate  for  the 
synthesis  of  a  variety  of  heterocycles,  such  as  pyrimidinones,3 
quinuclidinones,12  cyclohexanediamines13  and  benzomorphans.14 
Furthermore,  medium  size  ring  derivatives,  such  as  azepanone 
and  azocanone  analogues,  could  be  attainable  from  homoallylic 
or  y-propionate  anilines  using  standard  RCM  conditions.15 

In  conclusion,  a  novel  synthesis  of  l-aryl-3-piperidone- 
4-carboxylates  has  been  accomplished  without  the  need  for 
protecting  groups.  This  method  should  be  highly  applicable  for 
the  synthesis  of  a  variety  of  diverse  heterocyclic  compounds. 
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ABSTRACT:  The  development  of  new  therapeutics  for  the 
treatment  of  neurodegenerative  pathophysiologies  currently  stands 
at  a  crossroads.  This  presents  an  opportunity  to  transition  future 
drug  discovery  efforts  to  target  disease  modification,  an  area  in 
which  much  still  remains  unknown.  In  this  Perspective  we 
examine  recent  progress  in  the  areas  of  neurodegenerative  drug 
discovery,  focusing  on  some  of  the  most  common  targets  and 
mechanisms:  N-methyl-D-aspartic  acid  (NMD A)  receptors, 
voltage  gated  calcium  channels  (VGCCs),  neuronal  nitric  oxide 
synthase  (nNOS),  oxidative  stress  from  reactive  oxygen  species, 
and  protein  aggregation.  These  represent  the  key  players  identified 
in  neuro degeneration  and  are  part  of  a  complex,  intertwined 
signaling  cascade.  The  synergistic  delivery  of  two  or  more 
compounds  directed  against  these  targets,  along  with  the  design  of 

small  molecules  with  multiple  modes  of  action,  should  be  explored  in  pursuit  of  more  effective  clinical  treatments  for 
neurodegenerative  diseases. 
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1.  INTRODUCTION 

Neurodegenerative  disease  is  an  encompassing  term  for  a  set  of 
over  600  diseases  in  which  the  nervous  system  progressively 
and  irreversibly  deteriorates.  The  single  greatest  risk  factor  for 
the  development  of  neurodegenerative  disease  is  advancing  age, 
with  associated  mitochondrial  DNA  mutation  and  oxidative 
stress  damage,1  illustrated  by  the  fact  that  the  majority  of  these 
diseases  are  late-onset.  Alzheimer's  disease  (AD),  the  most  pre¬ 
valent  of  the  neurodegenerative  diseases,  affects  approximately 
15  million  people  worldwide.  Estimates  expect  the  number  of 
sufferers  to  triple  in  the  U.S.2  and  Europe3  by  2050,  figures  that 
are  repeated  for  most  other  forms  of  neurodegeneration,  including 
Parkinson  s  disease  (PD)  and  Huntington  s  disease  (HD). 

The  most  common  forms  of  neurodegenerative  diseases 
are  AD,  PD,  HD,  and  amyotrophic  lateral  sclerosis  (ALS)  (or 
in  Europe,  motor  neurone  disease,  MND).4  Specific  aspects  of 
these  diseases,  including  protein  aggregation,  genetic  mutations, 
and  pathophysiology,  are  discussed  in  this  Perspective.  Extensive 
literature  exists  detailing  each  of  the  pathways  highlighted,  as  well 
as  for  the  many  other  neurodegenerative  diseases.  The  interested 
reader  is  directed  to  those  excellent  reviews  and  references  cited 
within  this  manuscript. 

A  commonality  of  the  neurodegenerative  diseases  is  that  they 
are  not  diseases  attributed  to  a  single  gene  or  even  multiple 
genes;  they  are  far  more  complicated,  involving  a  myriad  of 
known  and  unknown  signaling  cascades,  misfolded  pro¬ 
teins,  protofibril  formation,  ubiquitin— proteasome  dysfunction, 


oxidative  and  nitrosative  stress,  mitrochondrial  injury,  and  many 
more  events.5  Our  current  understanding  of  neuroscience  has 
enabled  the  identification  of  some  key  genes  involved,  but  since 
many  cases  are  seemingly  sporadic,  we  know  that  mechanisms  of 
neurodegeneration  are  more  than  just  genetic.6  While  they  vary 
in  symptoms,  neurodegenerative  diseases  have  many  pathologic 
overlaps  (Figure  l).  In  this  Perspective,  we  focus  on  the  major 
components  of  this  shared  pathway:  N-methyl-D-aspartic  acid 
(NMDA)  receptors,  voltage  gated  calcium  channels  (VGCCs), 
neuronal  nitric  oxide  synthase  (nNOS),  oxidative  stress  from 
reactive  oxygen  species  (ROS),  and  protein  aggregation. 

NMDA  receptors  are  ligand-gated,  voltage-dependent  ion 
channels  that  respond  to  the  neuro  transmitters  glutamate  and 
NMDA.  NMDA  receptor  activation  leads  to  Ca2+  influx  into 
postsynaptic  cells,  which  continues  signal  potentiation  by  activating 
signaling  cascades.  Overstimulation  of  NMDA  receptors  has  been 
implicated  in  neurodegeneration,  in  addition  to  other  disease  states, 
and  therefore  NMDA  receptors  have  been  greatly  investigated  as 
a  drug  target  (section  2).  Ca2+  influx  is  also  regulated  by  VGCCs. 
As  discussed  in  section  3,  one  specific  channel,  Ca^A,  has  been 
identified  to  play  a  role  in  the  progression  of  PD,  and  therefore, 
selective  antagonism  of  Cs^l.3  is  hypothesized  to  be  potentially 
neuroprotective  in  early  or  presymptomatic  stages  of  PD.  Among 
many  other  responses,  increased  intracellular  Ca2+  concentration 
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Figure  1.  Common  targets  and  mechanisms  associated  with  many 
neurodegenerative  diseases  that  are  highlighted  in  this  Perspective. 


activates  nNOS.  Overactivation  of  nNOS  produces  high  intra¬ 
cellular  levels  of  nitrite  and  super  oxide,  which  react  to  form  ROS 
including  peroxynitrite.  This  oxidative  stress  within  the  cell  causes 
damage  to  DNA  and  lipids  and  causes  protein  modifications. 
Overactivation  of  nNOS  has  also  been  implicated  in  neuro¬ 
degeneration,  and  therefore,  inhibitors  of  nNOS  are  sought-after 
as  potential  therapeutics  (section  4).  Additionally  antioxidant 
therapeutics  are  designed  to  directly  prevent  cellular  damage  from 
oxidative  species  (section  5).  Lastly,  protein  aggregation  is  a 
hallmark  of  AD  and  PD,  and  while  it  may  result  from  modifications 
by  ROS,  other  mechanisms,  such  as  mutations,  are  thought  to  be 
involved  in  protein  aggregates  observed  in  AD  and  PD.  Progress 
toward  developing  antiaggregation  therapeutics  is  examined  in 
section  6. 

A  separate,  but  crucially  important,  pathophysiological 
pathway  that  contributes  to  neurodegeneration  is  inflammation 
and  immune  response.7'8  Many  of  the  most  relevant  immuno¬ 
logical  molecules  are  produced  within  the  brain,  and  this  leads 
to  the  observation  that  systemic  immune  responses  affect  brain 
function  and  contribute  to  neurodegeneration.9  This  pathway 
of  inflammation  and  immune  response  is  intricately  connected 
with  several,  if  not  all,  of  the  individual  targets  discussed  in  this 
Perspective.  Space  does  not  permit  an  all-encompassing  review 
of  this  subject,  and  the  reader  is  directed  to  the  excellent  review 
articles  referenced  herein.  Expanding  research  continues  to  link 
this  key  pathophysiological  pathway  to  the  individual  targets 
discussed  in  this  Perspective,  as  briefly  highlighted  below. 

Highly  regulated  by  the  immune  system,  the  kynurenine 
pathway  is  an  enzymatic  cascade  that  converts  tryptophan  to 
serotonin  but  also  to  several  other  neuroactive  compounds. 
Misregulation  of  this  pathway  results  in  increased  or  decreased 
production  of  these  metabolites  and  contributes  to  a  neuro¬ 
degenerative  effect.10  Kynurenic  acid  is  a  competitive  antagonist 
for  the  NMDA,  kainite,  and  AMPA  receptors  and  forms  the 
structural  scaffold  for  drug  discovery  efforts  mentioned  in 
section  2.  Independent  of  the  antagonistic  effect  of  kynurenic 


acid  is  the  observation  that  it  is  an  effective  free  radical 
scavenger  and  can  therefore  display  antioxidant  properties 
similar  to  those  of  compounds  discussed  in  section  5.11 

Further  connections  from  inflammation  and  immune 
response  to  antioxidants  and  nNOS  inhibitors  exist  via  a  family 
of  proteins  known  as  toll-like  receptors  (TLRs).  Evidence  is 
increasing  for  the  role  of  TLRs  in  sterile  inflammation  observed 
in  neurodegenerative  diseases,  such  as  PD  and  AD.12  These 
receptors  play  an  important  role  in  innate  immunity  because 
they  recognize  conserved  motifs  found  in  microorganisms. 
They  are  expressed  in  large  numbers  in  various  cells  within  the 
central  nervous  system  (CNS)  and  serve  to  activate  microglia. 
Microglia,  the  immune  cells  of  the  brain,  are  activated  by 
distress  signals  from  nearby  cells.  A  side  effect  of  this  activation 
is  the  release  of  toxic  factors,  such  as  nitric  oxide  (section  4) 
and  ROS  (section  5),  resulting  in  increased  neuronal  damage. 
TLRs  are  also  being  explored  as  targets  for  the  treatment  of 
neurodegenerative  diseases.13  Furthermore,  polyphenols,  dis¬ 
cussed  in  section  5  and  acting  predominantly  as  antioxidants,  also 
have  activity  crossover  to  the  inflammation  and  inflammatory 
response;  these  compounds  are  known  to  modulate  neuro¬ 
inflammation  by  inhibiting  the  expression  of  inflammatory  genes 
and  the  level  of  intracellular  antioxidants.14  Neuroinflammation 
commonly  occurs  as  a  result  of  oxidative  and  excitotoxic  damage 
to  neurons,  and  because  of  mitochondrial  dysfunction,  it  is  linked 
to  protein  aggregation.15  It  is  therefore  envisioned  that  drugs  that 
combat  neuroinflammation  might  also  combat  neurodegenerative 
disease  progression. 

However,  while  anti-inflammatory  agents  may  be  required  to 
treat  neurodegenerative  diseases,  they  may  not  be  sufficient  on 
their  own  but  may  be  effective  as  part  of  a  combination  therapy.16 
Such  a  combination  might  include  targeting  proinflammatory 
factors,  such  as  tumor  necrosis  factor  a  and  Fas  ligand.  One 
compound,  revlimid,  has  been  reported  to  modestly  reduce  these 
proinflammatory  cytokines  and  to  show  some  neuroprotection 
in  an  ALS  mouse  model.17  Use  of  revlimid  in  a  combinatorial 
approach  with  selected  antiaggregation  agents  discussed  in 
section  6  or  potentially  any  of  the  agents  in  this  Perspective 
may  increase  the  neuroprotective  effects  from  “modest”  results 
with  a  single  therapeutic  compound  to  “significant”  results  with  a 
combination  of  two  or  more  compounds. 

The  thesis  that  AD,  PD,  HD,  and  ALS,  although  distinct 
disorders,  share  a  common  mechanism  that  progresses  neuron 
death  along  a  “neurodegenerative  spectrum”  has  been  advanced 
by  numerous  researchers.18'19 

Recent  advances  have  increased  our  understanding  of  the 
processes  underlying  neurodegeneration.20-23  Drug  candidates 
that  target  single  or  dual  processes  have  been  advanced  to  the 
clinic,  but  they  only  provide  relief  of  symptoms,  not  of  the 
underlying  causes  (which  still  remain  unknown).  Modulation 
of  multiple  targets  along  the  same  biological  pathway  could 
potentially  lead  to  disease  modification  rather  than  just  control 
of  symptoms.  The  widely  accepted  definition  of  a  disease 
modifying  drug  is  “an  agent  that  alters  the  underlying  patho¬ 
physiology  of  the  disease  in  question  and  demonstrates 
meaningful  reduction  in  the  rate  of  decline  or  progression  to 
a  defined  milestone”  24  In  a  complex  pathway  with  many  drug 
targets,  such  as  those  contributing  to  neurodegenerative  diseases, 
a  drug  with  a  single-target  mechanism  of  action  cannot  always 
correct  that  pathway.  The  synergistic  delivery  of  a  “cocktail”  of 
two  or  more  drugs  may  deliver  enhanced  potency  in  the 
treatment  of  neurodegenerative  diseases  by  potentially  leading  to 
disease  modification. 
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Polypharmacy,  the  synergistic  combination  of  two  or  more 
drugs  acting  on  different  targets,  has  been  successful  in  treating 
other  diseases  such  as  hyperlipidemia  (high  blood  cholesterol). 
The  combination  of  simvastatin  (a  3-hydroxy-3-methylglutaryl- 
coenzyme  A  (HMG-CoA)  reductase  inhibitor)  and  ezetimibe 
(an  inhibitor  of  dietary  cholesterol  uptake)  is  marketed  as 
Vytorin.25  This  combination  therapy  works  by  preventing 
the  body  from  making  its  own  cholesterol  while  also  inhibiting 
the  absorption  of  cholesterol  from  dietary  intake.  A  drug  that 
inhibits  only  one  source  of  cholesterol  is  less  effective  at  lowering 
overall  levels,  as  cholesterol  is  still  produced  by  the  second 
source.  This  disease-modifying  therapy  reduces  overall  choles¬ 
terol  levels  by  targeting  both  sources.  Other  disease-modifying 
synergistic  drug  combinations  have  been  utilized  for  the 
treatment  of  cancer,26  hepatitis  C  virus,27  and  HIV/AIDS,28 
supporting  the  potential  strategy  of  treating  other  complex 
diseases  in  a  similar  manner. 

Alternatively,  a  single  therapeutic  agent  could  be  designed  to 
interact  at  two  different  targets.  An  example  of  a  dual-acting 
drug  that  is  disease-modifying  is  duloxetine  (Cymbalta),  used 
in  the  treatment  of  depression.  This  compound  inhibits  both 
serotonin  and  norepinephrine  reuptake  in  the  CNS.29  Inhibition 
of  the  reuptake  of  both  neurotransmitters  increases  overall  levels 
of  the  two  compounds,  known  to  play  an  important  role  in 
mood.  A  deficit  in  either  neuro transmitter  can  cause  depression; 
therefore,  increasing  levels  of  both  provides  a  disease-modifying 
therapy  to  counteract  this  deficit.30  An  example  relevant  to  the 
disease  pathway  outlined  in  Figure  1  is  the  polycyclic  caged 
amine  compound  NGP1-01  (18)  (section  2),  which  blocks 
both  the  NMDA  receptor  and  L-type  calcium  channel  with 
resulting  neuroprotective  effects.  Blocking  only  one  of  these 
targets  allows  the  continued  influx  of  Ca2+  ions  from  the  other. 
As  excess  Ca2+  ion  concentration  is  implicated  in  excitotoxicity, 
this  would  be  analogous  to  trying  to  stop  a  bucket  leaking 
from  two  holes  by  only  stoppering  one.  Preventing  an  increase 
in  overall  Ca2+  ion  concentration,  and  thereby  excitotoxicity, 
could  be  considered  disease-modifying  over  simply  reducing  the 
concentration. 

Additionally,  a  multifaceted  strategy  would  further  probe  the 
pathophysiological  pathway(s)  of  neuro  degeneration  and  con¬ 
firm  the  intricate  connectivity  that  has  been  proposed  between 
therapeutic  targets.  Therapeutics  developed  for  one  type  of 
neurodegenerative  disease,  when  delivered  in  combination,  may 
transfer  their  therapeutic  potential  to  a  different  disease  state, 
thereby  exploiting  and  expanding  the  neurodegenerative 
therapeutic  arsenal.  Such  combination  therapy  would  also  have 
advantages  in  drug  delivery  and  dosing.  Delivery  of  a  significant 
dose  of  an  inhibitor  of  Cayl  .3-type  calcium  channels  is  hindered 
by  concerns  of  selectivity  over  other  channels  and  resultant 
off- target  toxicity.  Dosing  a  lower  concentration  of  such  an 
inhibitor  in  conjunction  with  a  modulator  of  another  target  on 
the  pathophysiological  pathway  would  allow  for  the  inhibition  of 
two  targets  that  alone  may  provide  no  therapeutic  response.  This 
approach  would  provide  the  opportunity  to  use  drugs  that  are 
active  but  only  have  low  efficacy  because  of  selectivity  problems. 
As  a  result,  the  potential  to  tune  inhibitory  responses  rather  than 
outright  blockage  would  allow  for  the  use  of  small  molecules 
previously  discarded  as  nonefhcacious. 

This  Perspective  examines  the  state-of-the-art  small  molecule 
therapeutics  available  for  each  of  the  neurodegenerative  disease 
targets  depicted  in  Figure  1.  A  combination  of  these  molecules 
or  the  design  of  new  compounds  bearing  active  moieties  that 
target  two  or  more  of  the  pathophysiological  hallmarks  of 


neurodegenerative  diseases  might  be  expected  to  bring  about  a 
new  era  in  neuroscience  drug  discovery  while  efforts  continue 
toward  further  elucidation  of  the  underlying  causes  of 
neuro  degeneration. 

2.  ALTERATION  OF  NMDA  RECEPTOR  FUNCTION 

NMDA  receptors,  named  after  their  selective  agonist,  N-methyl- 
D-aspartate,  are  ionotropic  receptors  that  mediate  glutamatergic 
neurotransmission.  These  receptors,  as  well  as  a-amino-3- 
hydroxy-5-methyl-4-isoxazolepropionic  acid  (AMP A)  receptors, 
kainate  cation  channel  receptors,  and  metabotropic  receptors, 
respond  to  glutamate,  the  major  excitatory  transmitter  in  the 
brain.31,32  The  NMDA  receptors  have  long  been  studied  as 
potential  therapeutic  targets  because  of  the  numerous  CNS 
functions  in  which  they  have  been  implicated,  both  in  normal 
physiological  function  and  in  disease  states.32,33  However,  the 
numerous  roles  they  play  in  normal  neurological  function 
have  led  to  disappointing  clinical  outcomes  in  the  development 
of  new  drugs  as  a  result  of  adverse  side  effects.32,34  Another 
complicating  factor  for  the  lack  of  successful  therapeutic 
intervention  through  modification  of  NMDA  receptor  function 
lies  in  the  permeability  of  Ca2+  through  the  channel;  excessive 
ion  influx  results  in  excitotoxicity  that  can  lead  to  neuronal  cell 
death.35,36 

The  NMDA  receptor  has  a  relatively  complex  tetrameric 
subunit  organization,  and  the  subunit  combination  varies  in  dif¬ 
ferent  regions  of  the  brain.  This  subunit  heterogeneity  presents 
additional  challenges  in  drug  design,  since  each  subunit  has 
distinct  functional  and  pharmacological  properties.  Seven 
NMDA  receptor  subunits  have  been  identified:  a  GluNl 
subunit,  four  different  GluN2  subunits  (GluN2A— D),  and  two 
GluN3  subunits  (GluN3A,B).  The  intact  receptor  consists 
of  two  GluNl  subunits  and  two  GluN2  subunits.  Glutamate 
binds  to  the  GluN2  subunit,  but  for  the  receptor  to  be 
functional,  glycine  must  simultaneously  bind  to  the  GluNl 
subunit  as  a  coagonist.37  However,  studies  involving  the  CA1 
region  of  rat  hippocampus  tissue  slices  have  shown  that 
synaptic  NMDA  receptors,  which  are  important  in  long-term 
potentiation  and  NMDA-induced  neurotoxicity,  utilize  D-serine 
as  coagonist,  whereas  extrasynaptic  NMDA  receptors  have 
a  preferential  affinity  for  glycine.38  The  intracellular  portion 
of  the  transmembrane  domains  connect  to  a  postsynaptic 
signaling  complex  known  as  the  postsynaptic  density,  which 
contains  PSD-95,  enzymes  such  as  nNOS  and  kinases,  and 
other  signaling  and  scaffolding  proteins  (Figure  2). 39,40 
Excitotoxicity,  including  the  excessive  stimulation  of  NMDA 
receptors,  has  long  been  hypothesized  to  play  a  role  in  the 
etiology  of  neurodegenerative  disorders  such  as  PD41  and 
Hd 42,43  anc[  may  contribute,  at  least  in  part,  to  neuronal  loss  in 
AD44  and  other  dementias,  ALS, 36,45-47  and  possibly  multiple 
sclerosis  and  prion  disease.48 

Earlier  work  on  NMDA  receptor  antagonists  has  focused  on 
designing  compounds  targeting  four  regions  of  the  receptor: 
the  glutamate  and  the  glycine  agonist  binding  domain  (ABD) 
sites,  the  channel  pore,  and  the  N-terminal  domain  (NTD) 
region  between  GluNl  and  GluN2B.49  Among  the  earliest 
glutamate  competitive  antagonists  to  be  developed  was  phos- 
phonic  acid  (R)-AP5  (l),  which  showed  strong  selectivity 
for  NMDA  receptors  over  kainate  and  AMPA  receptors.50,51 
The  introduction  of  rigidity  with  a  piperazine  ring  provided 
another  phosphonic  glutamate  site  antagonist  (2),  which 
relieved  parkinsonian  symptoms  and  improved  locomotion  in 
animal  models  of  PD  when  coadministered  with  L-DOPA, 
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Figure  2.  NMDA  receptor  showing  agonist  and  antagonist  binding  site 
domains. 


although  it  was  not  effective  when  given  alone.52  A  drawback  of 
the  phosphonic  acid  class  of  antagonists  is  that  their  polarity 
makes  passage  through  the  blood— brain  barrier  (BBB)  and 
intestinal  membranes  difficult.53  Another  problem  with  these 
competitive  antagonists  is  that  they  generally  demonstrate  poor 
subunit  selectivity.31  The  differences  in  potency  between  NMDA 
and  glutamate  between  the  different  GluN2  subtypes  are  less 
than  4-fold;  and  an  analysis  of  key  residues  in  the  binding  pocket 
shows  the  presence  of  a  highly  conserved  binding  site.54  Glycine 
site  competitive  antagonist  7-chlorokynurenate  (3)  did  prevent 
NMDA-induced  striatal  lesions  in  an  animal  model  as  well  as  in 
vitro,  but  the  compound  targeted  kainite  receptors  as  well  as 
NMDA  receptors.  In  addition,  the  protection  afforded  by  the 
compound  could  not  be  surmounted  by  coadministration  of 
glycine  but  instead  by  increasing  the  dose  of  NMDA,  calling  into 
question  its  actual  mechanism  of  action.55  Since  glycine  acts  at 
all  NMDA  subtypes,  there  may  be  an  issue  of  tolerability  of 
compounds  targeting  the  glycine  binding  site,  in  addition  to  the 
higher  doses  of  either  glutamate  or  glycine  antagonists  that 
would  be  needed  to  surmount  the  competition  with  the 
endogenous  ligands  for  their  respective  binding  sites.39  However, 
since  glycine  antagonists  act  at  the  GluNl  subunit,  they  may 
be  associated  with  fewer  side  effects,  although  in  the  case  of 
7-chlorokynurenate  (3),  there  has  been  the  added  issue  of  poor 
BBB  penetration.53'54  A  series  of  3-amino- l-hydroxypyrrolidin-2- 
one  (HA-966,  4)  analogues  were  synthesized  to  overcome  the 
limitations  of  poor  solubility  and  BBB  penetration.53 


NMDA  channel  pore  blockers,  in  particular  amantadine  (5) 
and  its  derivative  memantine  (6),  have  been  developed  for 
therapeutic  use  in  inhibiting  excitotoxicity.  One  of  the  earlier 


NMDA  pore  blockers  to  be  advanced  was  dizocilpine  (7),  a 
high-affinity,  uncompetitive  antagonist.56  Coadministration  of 
dizocilpine  with  L-DOPA  completely  prevented  the  progressive 
reduction  in  the  duration  of  the  L-DOPA  response  occurring 
with  chronic  L-DOPA  therapy  in  parkinsonian  rats.57  However, 
use  of  dizocilpine  has  been  associated  with  severe  side  effects, 
such  as  coma,58  and  in  one  study  actually  exacerbated  the 
symptoms  of  MPTP-induced  parkinsonism  when  administered 
to  a  monkey. 


5 


Amantadine  (5)  is  an  FDA  approved  drug  that  has  been 
widely  used  in  the  treatment  of  PD.  The  predominant 
inhibitory  mechanism  of  action  of  amantadine  results  from 
increasing  the  rate  of  channel  closed  states  when  the  drug  is 
bound  in  the  channel  of  NMDA  receptors.60  In  a  retrospective 
study  of  PD  patients  attending  a  single  clinic,  improved  survival 
was  associated  with  amantadine  use  61  Amantadine,  as  well  as 
the  NMDA  channel  pore  blocker  dextromethorphan  (8),  also 
improved  L-DOPA- associated  motor  response  complications 
when  given  as  an  adjuvant  to  L-DOPA  therapy.62'63  However, 
a  systematic  Cochrane  review  of  randomized  controlled  trials 
for  amantadine  concluded  that  because  of  a  lack  of  evidence,  it 
was  not  possible  to  determine  whether  amantadine  is  a  safe  and 
effective  treatment  for  L-DOPA-induced  dyskinesias  in  PD 
patients.  The  report  also  noted  that  in  one  study,  8  out  of  18 
participants  had  side  effects,  including  confusion  and  worsening 
of  hallucinations.64  In  an  unrelated  study,  NMDA  channel 
blocker  remacemide  (9),  as  adjunct  therapy  with  L-DOPA,  was 
not  found  to  significantly  improve  motor  fluctuation  symptoms, 
although  the  compound  was  found  to  be  safe  and  tolerable.65 


Memantine  (6),  another  NMDA  antagonist,  is  classified  as  an 
uncompetitive,  open-channel  blocker.  The  drug  was  patented 
by  Eli  Lilly  &  Co.  in  1968  and  was  marketed  by  the  German 
pharmaceutical  company  Merz  to  treat  PD.  The  drug  has  a 
relatively  fast  off-rate  from  channel  binding,  which  contributes 
to  the  drug's  low  affinity  for  the  channel  pore  and,  as  a  result, 
its  clinical  efficacy  and  tolerability.  As  a  result,  after  several 
clinical  trials,  memantine  was  approved  by  the  European  Union 
in  2002  and  the  FDA  in  2003  for  the  treatment  of  moderate  to 
severe  Alzheimer's  disease.66  One  analysis  concluded  that  the 
safety  profile  of  memantine  makes  it  particularly  suitable  for  its 
use  in  elderly  patients,  since  it  is  associated  with  a  low  overall 
rate  of  adverse  events  and  a  low  potential  for  drug— drug 
interactions  (because  of  a  low  extent  of  metabolism  and  protein 
binding,  particularly  to  cytochrome  P450  enzymes).67  A  recent 
review  adds  that  for  the  treatment  of  moderate  to  severe  AD, 
memantine  should  be  offered  either  as  a  monotherapy  or  in 
conjunction  with  an  acetylcholinesterase  inhibitor  but  that  the 
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use  of  memantine  as  a  first-line  therapy  for  mild  to  moderate 
AD  is  not  supported  by  current  data.  Further,  insufficient  data 
exist  to  make  a  recommendation  for  its  use  in  PD  dementia.68 
A  paradoxical  feature  of  the  action  of  memantine  is  that  a 
higher  concentration  of  memantine  is  needed  to  alleviate  mild 
dementia  than  to  counteract  the  damage  associated  with 
moderate-to-severe  dementia.  This  apparent  incongruity  has 
been  explained  by  the  on-rate  for  channel  blockage  by  memantine 
being  increased  by  increasing  the  drug  s  concentration,  which  leads 
to  a  greater  proportion  of  channels  being  blocked.66  To  increase 
the  neuroprotective  efficacy  of  memantine,  a  second-generation 
derivative  has  been  designed  to  incorporate  a  nitric  oxide  moiety, 
which  should  bind  to  the  sulfhydryl  group  of  a  cysteine  residue  in 

the  channel  pore  that  has  been  found  to  down-regulate  NMDA 
.  .  •  ..  58,69 

receptor  activity. 

Much  work  remains  for  the  design  of  therapeutic  agents  that 
can  modulate  NMDA  receptors  without  adversely  affecting 
normal  cellular  processes  regulated  by  these  channels.  One 
more  recent  approach  toward  accomplishing  this  goal  would 
be  to  design  ligands  that  are  subunit-specific  and  serve  as  non¬ 
competitive  antagonists.31  The  first  subunit-selective  NMDA 
receptor  antagonist  was  ifenprodil  (lO),  which  inhibits  Glu2B- 
containing  receptors  with  a  200-  to  400-fold  selectivity  over 
receptors  containing  Glu2A,  Glu2C,  and  Glu2D  subunits  and 
with  an  IC50  of  0.34  fiM  for  the  GluNl/Glu2B  receptor.31'70 
The  difficulty  in  designing  noncompetitive  antagonists  for 
the  Glu2B  subunit,  which  may  be  therapeutically  relevant  for  a 
number  of  disorders,  is  that  they  also  act  at  other  receptors  and 
channels,  leading  to  side  effects,  causing  a  sub  efficacious  lowering 
of  the  dose.71'72  To  improve  selectivity,  ifenprodil  analogue  ll73 
and  traxoprodil  (CP-101,606,  12)74  were  designed.  Analogue  11 
was  found  to  be  more  effective  than  10  in  preventing  toxicity  to 
cortical  neurons  that  mimic  ischemic  brain  damage  when 
exposed  to  glutamate  (IC50  of  0.4  versus  3.5  //M,  respectively).73 
Compounds  10—12  have  antiparkinsonian  activity  in  animal 
models.  In  a  study  of  the  use  of  12  in  counteracting  dyskinesia 
and  parkinsonism,  it  was  found  to  reduce  the  maximum  severity 
of  L-DOPA-induced  dyskinesia  by  approximately  30%,  although 
many  of  the  subjects  in  the  study  experienced  dissociation, 
abnormal  thinking,  and  amnesia.  Compound  12  did  not  reduce 
parkinsonism  in  the  study;  however,  the  antidyskinetic  effects 
were  maximal  at  a  lower  dose,  and  the  adverse  effects  were  found 
to  be  dose-responsive.75 


Among  the  recently  identified  voltage-independent  negative 
allosteric  modulators  of  NMDA  receptors  is  13,  one  of  the 
quinazoline-4-one  derivatives  advanced  by  Traynelis  and  co¬ 
workers.76  Compound  13  had  approximately  50-fold  selectivity 
for  recombinant  GluN2C/D-containing  receptors  over  GluN2A/ 
B-containing  receptors,  low  micromolar  potency,  and  a  novel 
mechanism  that  requires  binding  of  glutamate  to  the  GluN2 
subunit  but  not  glycine  binding  to  the  GluNl  subunit.  The 
GluN2C/D  over  GluNA/B  subunit  selectivity  of  13  was 
determined  from  ABD  residues  adjacent  to  the  transmembrane 
helices.77  Differing  subunit  selectivity  profiles  for  negative  allosteric 
modulation  were  also  seen  in  a  recent  series  of  naphthalene  and 
phenanthrene  derivatives.78  9-Iodophenanthrene-3-carboxylic 
acid  (UBP512,  14)  inhibited  only  GluNl /GluN2C  and  GluNl/ 
GluN2D  receptors,  while  6-bromocoumarin-3-carboxylic  acid 
(UBP608,  15)  inhibited  GluNl /GluN2A  receptors  (23-fold) 
over  GluNl /GluN2D,  with  IC50  values  in  the  micromolar  range. 
Consistent  with  their  characterization  as  allosteric  modulators, 
these  compounds  were  found  to  be  voltage-independent  and  not 
competitive  with  glutamate  and  glycine  agonists.  The  site  of  action 
for  14  and  related  compounds  is  thought  to  be  at  the  dimer 
interface  between  the  ABDs,  and  the  NTD  was  not  found  to  be 
necessary  for  inhibitory  activity.78  Another  negative  allosteric 
antagonist,  dihydropyrazolo quinoline  16,  inhibited  GluN2C-  and 
GluN2D-containing  NMDA  receptors  over  recombinant  GluN2A- 
and  GluN2B-containing  receptors,  with  at  least  50-fold  difference 
in  IC50  values.  The  selectivity  was  attributed  to  residues  in  the 
membrane-proximal  lower  lobe  of  the  GluN2  ABD.79 


Bettini  and  co-workers  reported  several  sulfonamide  derivatives 
from  high-throughput  screening  that  were  selective  antagonists 
at  GluN  1  / GluN 2 A  over  GluNl /GluN2B.80  Addition  of  1  mM 
glycine,  but  not  1  mM  L-glutamate,  overcame  the  inhibitory 
effects  of  the  two  most  promising  compounds.  It  was  sub¬ 
sequently  determined  that  one  of  the  compounds,  17,  binds  to  a 
novel  allosteric  site  at  the  dimer  interface  between  the  GluNl 
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and  GluN2  ABDs,  thereby  reducing  glycine  potency  (IC50  =  0.1— 
0.32  jM). 

To  exploit  the  subunit  selectivity  of  these  newer  pharmaco¬ 
logical  tools  for  therapeutic  advantage,  it  will  be  necessary  to 
map  the  relative  contribution  of  each  subunit  to  its  function 
both  in  normal  cellular  processes  and  in  disease  states. 
Recently,  it  was  found  that  the  NMDA  receptor  subtype 
specificity  of  three  crucial  channel  properties  (Mg2+  blockage, 
relative  Ca2+  permeability,  and  single-channel  conductance) 
were  all  determined  primarily  at  a  single  GluN2  subunit  residue 
in  the  transmembrane  region.81  However,  because  of  the 
challenges  involved  in  obtaining  highly  selective  antagonists, 
there  is  still  relatively  little  known  about  the  function  and 
therapeutic  potential  of  the  different  subunits  of  the  NMDA 
receptors.49  One  confounding  issue  in  this  regard  is  the  subunit 
composition  of  the  NMDA  receptor,  since  two  different  GluN2 
subunits  may  be  present  rather  than  only  the  binary  combina¬ 
tion  of  GluNl  and  one  type  of  GluN2  (or  GluN3)  subunit,  in 
different  regions  of  the  brain.82  By  use  of  recombinant  hetero- 
trimeric  GluNl /GluN2A/GluN2B  and  GluNl/GluN2A/ 
GluN2C  receptors  with  Zn2+  and  ifenprodil  antagonism,  it 
was  found  that  each  ligand  produced  only  partial  inhibition  and 
that  maximal  inhibition  was  only  achieved  with  both  copies  of 
each  GluN2  subunit  in  the  receptor.83  This  finding  suggested 
a  potential  limitation  in  using  ifenprodil  and  its  derivatives, 
since  both  GluNl /GluN2B  and  heterotrimeric  GluNl /GluN2A/ 
GluN2B  receptors  will  be  inhibited,  possibly  affecting  subunit- 
specific  control  of  normal  neurological  processes. 

Other  considerations  may  enter  into  the  design  of  NMDA 
therapeutic  antagonists,  such  as  whether  the  agents  will 
preferentially  target  synaptic  or  extrasynaptic  NMDA  receptors 
and  the  GluN2  subunit  composition  at  those  receptor  sites. 
Work  on  the  mechanism  of  action  of  memantine  has  shown 
that  it  preferentially  targets  extrasynaptic  over  synaptic  NMDA 
receptors  in  a  hippocampal  autaptic  neuronal  preparation.  In 
this  study,  the  synaptic  and  extrasynaptic  NMDA  receptors  in 
mature  neurons  differed  in  subunit  composition,  with  the  GluN2A 
receptors  predominating  at  the  synaptic  receptors  and  the 
GluN2B  subunits  at  the  extrasynaptic  receptors.84  When  cultured 
primary  striatal  or  cortical  neurons  from  rat  were  transfected  with 
the  gene  coding  for  mutant  huntingtin,  a  protein  with 
polyglutamine  repeat  residues  implicated  in  the  pathogenesis  of 
HD,  and  treated  with  D-APV,  memantine,  or  ifenprodil,  there 
was  a  significant  decrease  in  the  number  of  neurons  expressing 
aggregated  mutant-protein  macroinclusions.85  Further  studies 
using  a  transgenic  YAC128  mouse  HD  model  showed  that  at 
high  concentration  of  memantine  both  synaptic  and  extrasynaptic 
NMDA-mediated  currents  were  blocked,  worsening  neuro¬ 
degeneration.  At  low  concentration  of  memantine  the  extra¬ 
synaptic  receptors  were  predominately  blocked,  leading  to  a 
neuroprotective  effect  (reduction  of  striatal  volume  loss  and  motor 
learning  deficits  at  12  months  post-treatment)  from  the  largely 
unaffected  synaptic  activity.85  Milnerwood  et  al.  reported  a  similar 
reversal  in  intracellular  signaling  and  motor  learning  deficits 
when  the  extrasynaptic  NMDA  receptors  of  YAC128  HD  mice 
were  pharmacologically  blocked  with  a  low  dose  of  memantine, 
thus  providing  further  evidence  for  a  new  therapeutic  approach  to 
combating  HD.86'87 

In  view  of  the  complex  interplay  of  factors  affecting  NMDA 
receptor  function,  an  integrative  approach  involving  the  modula¬ 
tion  of  receptor-associated  pathways  in  the  disease  state  may 
constitute  a  viable  therapeutic  strategy  for  neuro degenerative 
disorders.  Since  an  excessive  influx  of  Ca2+  ion  into  neurons  is 


an  important  factor  in  the  excitotoxic  process,  blockade  of 
NMDA  receptors  could  potentially  be  offset  by  the  presence 
of  L-type  voltage-gated  calcium  channels.88  Thus,  design  of 
therapeutic  agents  that  can  jointly  antagonize  both  targets  may 
be  a  desirable  goal,  and  at  least  one  such  compound  (18)  has 
been  developed.89-91  Dimebon  (latrepirdine)  (19),  an  antihist¬ 
amine  compound  used  clinically  in  Russia  for  many  years,  has 
demonstrated  efficacy  in  phase  II  clinical  trials  for  AD  and 
HD,92  although  a  phase  III  trial  for  use  in  mild-to-moderate  AD 
gave  disappointing  results  93  Dimebon  was  found  to  inhibit  both 
NMDA  receptors  (IC50  =10  yt/M)  and  L-type  calcium  channels 
(IC50  =  50  fiM)  in  cultured  neurons,  possibly  accounting,  at 
least  in  part,  for  its  mechanism  of  action.92'94'95  Blockage  of 
NMDA-induced  currents  was  different  from  that  of  memantine, 
suggesting  a  different  site  of  action  for  dimebon  at  the  NMDA 
receptor  95 


Influx  of  calcium  via  NMDA  receptors  can  induce  necrotic  or 
apoptotic  cell  death,  depending  on  the  degree  of  glutamate 
stimulation,  with  the  cellular  fate  influenced  by  the  effect  of  the 
resultant  intracellular  calcium  concentration  on  the  mitochon¬ 
dria.96  A  therapeutic  approach  targeting  the  apoptotic  pathway 
had  mixed  results  when  compounds  shown  to  be  effective  both 
in  vitro  and  in  animal  models  for  several  neurodegenerative 
disorders  were  tested  in  human  clinical  trials.97-99 

Another  strategy  for  counteracting  neuronal  excitotoxicity 
might  involve  coadministration  of  an  NMDA  antagonist  with 
an  inhibitor  of  glutamate  release.  One  potential  candidate, 
riluzole  (20),  has  been  approved  for  use  in  treating  the  sym¬ 
ptoms  of  ALS,  although  with  limited  success  48  In  addition  to 
its  role  as  an  inhibitor  for  glutamate  release,  riluzole  also 
protects  neurons  against  NMDA-induced  toxicity.100-102  A 
clinical  trial  for  use  of  riluzole  in  early  PD  showed  that  it  was 
well  tolerated  in  patients  but  with  no  significant  difference 
relative  to  the  placebo  group.103  Similarly,  a  3-year  randomized 
controlled  study  showed  no  neuroprotective  or  beneficial  sym¬ 
ptomatic  effect  of  riluzole  in  HD.104  An  alternative  to  inhibiting 
glutamate  release  might  be  to  use  an  agonist,  such  as  ceftriaxone 
(2l),  for  stimulation  of  glutamate  uptake  transporters. 
Ceftriaxone,  a  third-generation  cephalosporin  antibiotic,  was 
found  to  be  a  potent  modulator  of  glutamate  transport  through 
NF-/cB-mediated  excitatory  amino  acid  transporter-2  (EAAT2) 
in  primary  human  fetal  astrocytes105  and  was  in  a  clinical  trial 
for  ALS.48 

Another  important  facet  of  an  integrative  therapeutic  strategy 
to  combat  neurodegenerative  diseases  is  the  role  that  meta¬ 
botropic  glutamate  receptors  (mGluR)  may  play  in  the  neural 
excitotoxicity  process.  An  advantage  of  additionally  targeting 
the  mGlu  receptors  is  that  they  can  modulate  the  activity  of 
voltage-gated  calcium  channels  while  not  affecting  fast 
excitatory  synaptic  transmission.106  Pharmacological  blockade 
of  mGlus  receptors  has  led  to  reduced  neuronal  death  in  animal 
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models  of  PD  and  ALS,  and  negative  allosteric  modulators  for 
this  receptor,  as  well  as  selective  mGlu3  receptor  agonists,  have 
been  in  clinical  development.107  A  recent  perspective  provides 
an  excellent  overview  of  this  subject.108 

3.  VOLTAGE-GATED  CALCIUM  CHANNELS 

In  the  central  nervous  system,  calcium's  conductance  properties 
are  principally  mediated  by  two  types  of  receptors:  ligand109 
and  voltage-gated  channels.110  While  NMD  A  receptors  are 
involved  in  the  total  calcium  load  in  neurons,  smaller,  but  still 
significant,  calcium  contributions  are  mediated  primarily  through 
voltage-gated  calcium  channels.111  Voltage-gated  calcium  channels 
(VGCCs)  are  expressed  on  the  plasma  membrane  and  open  in 
response  to  depolarizing  stimuli  (events  that  lower  the  resting 
potential  of  neurons).  In  most  physiological  environments, 
VGCCs  shuttle  calcium  from  the  extracellular  space  into  the 
intracellular  space.  The  accessory  subunit  and  conducting  pore 
(arsubunit)  that  constitutes  VGCCs  is  the  portion  of  the  channel 
that  conducts  calcium,  gives  rise  to  the  biochemical  and  bio¬ 
physical  properties  in  identified  channels,  and  is  the  major  site 
of  pharmacological  action.  To  date,  10  types  of  arsubunits  have 
been  identified,  normally  classified  into  five  subtypes:  L-type 
(Cavl.l,  1.2,  1.3,  1.4),  P/a-type  (Ca.2.1),  N-type  (Ca.2.2), 
R-type  (Ca,.2.3),  and  T-type  (Ca^.l,  3.2,  3.3).112 

Cavl.l,  Cayl.2,  Ca^A,  and  Cav1.4  arsubunits,  constituting 
the  family  of  L-type  calcium  channels  (LTCCs),  are  central 
players  in  neuronal  calcium  dynamics  in  both  physiological  and 
pathophysiological  states.  arSubunits  constituting  Ca^.l  and 
Cayl.4  LTCCs  are  predominantly  expressed  outside  the  central 
nervous  system,  in  skeletal  muscle  and  the  retina,  respectively.109 
Functional  Ca^.2  and  Ca^A  LTCCs  are  found  in  cardio¬ 
vascular113  and  nervous  tissue,  respectively,114  and  play  central 
roles  as  pharmacological  targets  in  antiarrhythmia  and  anti¬ 
hypertension  therapeutics.  1,4-Dihydropyridines  (DHPs),  phe- 
nylalkylamines  (PAAs),  and  benzodiazepines  (BZAs)  are  among 
the  most  common  LTCC  channel  antagonists.115,116 

Cayl.3  LTCCs  have  been  identified  as  playing  a  role  in  the 
progression  of  Parkinson's  disease  by  allowing  uncompensated 
calcium  loading  in  dopaminergic  (DA)  neurons  in  the  sub¬ 
stantia  nigra  pars  compacta  (SNc),  which  subsequently  places  a 
heavy  and  unsustainable  metabolic  burden  on  these  neurons. 
It  has  been  shown  that  by  antagonism  of  these  channels 
nonselectively  with  isradipine  (22),  a  potent  LTCC  inhibitor, 
SNc  DA  neurons  exhibit  less  metabolic  stress  and  are  protected 
in  multiple  PD  animal  models.117  Selective  antagonism  of 
Cayl.3  LTCC  is  therefore  hypothesized  to  be  potentially 
neuroprotective  in  early  or  presymptomatic  stages  of  PD. 

While  promising,  isradipine  is  nonselective.  It  is  also  a  potent 
Ca^.2  LTCC  inhibitor.  Therefore,  long-term  use  of  isradipine 


H 
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as  a  treatment  for  PD  might  result  in  hypotension  or  peripheral 
edema.  Even  if  this  does  not  result  directly  from  isradipine  use, 
it  is  known  that  during  the  course  of  PD,  hypotension  is 
common,  thereby  exacerbating  this  undesirable  side  effect.118 
Moreover,  the  nonselective  nature  of  DHP  inhibition  of  both 
neuronal  types  of  LTCCs,  Cayl.2  and  Ca^B,  makes  dosing 
regimens  of  isradipine,  or  other  nonselective  DHPs  that  might 
be  disease-modifying  in  PD  or  other  neurodegenerative  diseases, 
an  impossibility  because  the  efficacious  dose  may  have  a  serious 
effect  on  the  therapeutic  index  of  this  strategy.119  None  of 
the  Ca^  antagonists  in  the  clinic  preferentially  select  for  Ca^A 
channels.114,120  Thus,  the  search  for  more  isoform-selective 
Cayl.3  LTCC  antagonists  has  garnered  recent  attention. 

Chang  et  al.  described121  a  comprehensive  structure— activity- 
relationship  (SAR)  study  of  modifications  to  the  structurally 
simple,  active  DHP  nifedipine122  (23).  A  collection  of  124 
chemically  diverse  4-substituted  1,4-dihydropyridines  was 
generated;  however,  little  selectivity  of  Ca^.3  over  Cd^ll  was 
obtained.  The  most  selective  compounds  generated  (24  and  25) 
possessed  Cav1.3  selectivities  of  only  2.2-  and  2.4-fold, 
respectively,  and  both  demonstrated  only  micromolar  potencies. 
Observations  from  the  SAR  study  showed  an  activity  pattern 
for  4-substituted  1,4-dihydropyridines  of  substituted  phenyl  > 
thienyl  >  furyl  >  pyridyl  >  napthyl  >  alkyl  (cyclic  alkyl),  with 
substitution  of  the  phenyl  ring  at  the  2-position  being  the  most 
potent  and  at  the  4-position  the  least  potent.  Complete  loss  of 
activity  was  observed  when  the  pyridyl  nitrogen  was  methylated 
or  replaced  with  oxygen.  These  data  implied  that  the  generation 
of  a  high  Cayl.3  selective  DHP  may  be  unlikely,  and  attention 
was  focused  on  the  generation  of  new  scaffolds. 


25 

Compounds  that  show  Cav1.3  LTCC  inhibition,  however 
selective,  must  maintain  good  pharmacokinetic  properties  and 
structure  components  with  good  potential  for  passing  through 
the  BBB.  A  high-throughput  screen  was  initialized  by  the 
Silverman  laboratory  to  identify  novel  Cav1.3  selective  LTCC 
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inhibitors  by  use  of  a  calcium-sensing  fluorescent  imaging  plate 
reader  (FLIPR)  assay.  Over  60  000  molecules  from  a  variety  of 
commercial  and  government  libraries  were  screened  for  activity 
with  no  hits  resulting.  In  parallel  with  this  screen  Xia  et  al. 
described  a  series  of  symmetric  pyrimidine-2,4, 6-triones  (PYT) 
investigated  for  applications  in  antiaggregation  ALS  models, 
possessing  good  pharmacokinetic  properties  and  BBB  pene¬ 
tration.1  3  About  200  of  these  compounds  and  other  scaffolds 
from  the  Silverman  lab  that  were  active  in  antiaggregation  assays 
were  tested,  and  the  first  PYT  Ca^A-selective  antagonists  were 
realized,  although  most  of  the  compounds  screened  showed 
Cayl.2  selectivity.  The  lead  compound  was  modified,  providing 
the  first  highly  selective  Cayl.3  antagonist  (26). 124 


4.  NEURONAL  NITRIC  OXIDE  SYNTHASE  INHIBITORS 

As  shown  in  the  Figure  1  cellular  cascade,  activation  of  the 
NMDA  receptor  leads  to  calcium  influx,  which  activates  many 
downstream  proteins,  including  nNOS.125  The  signaling 
molecule,  nitric  oxide  (NO),  is  a  free  radical  that  is  produced 
by  nitric  oxide  synthases  (NOSs)  from  substrate  L-arginine, 
molecular  oxygen,  and  NADPH.  There  are  three  isoforms  of 
NOS:  neuronal  NOS  (nNOS),  which  produces  NO  as  a 
neurotransmitter;  endothelial  NOS  (eNOS),  which  produces 
NO  to  signal  the  relaxation  of  smooth  muscle  cells  in  blood 
vessels;  inducible  NOS  (iNOS),  which  produces  a  burst  of  NO 
in  response  to  invading  pathogens.  The  prominent  role  of  NO 
in  the  nervous  system  leads  to  the  possibility  of  improper 
regulation  of  NO  and  therefore  various  disease  pathologies. 
High  levels  of  NO  have  been  implicated  in  neuro degenerative 
diseases  including  ALS  and  PD.126  NO  itself  is  a  reactive 
molecule  that  leads  to  the  formation  of  other  oxidative  species 
such  as  superoxide  and  peroxynitrite.  Also,  nitrated  protein 
aggregates,  which  are  highly  toxic  to  neurons,  are  found  in 
patients  with  neuro  degenerative  diseases.  S-Nitrosylation  of 
proteins  is  a  common  feature  of  Lewy  bodies  and  intraneuronal 
protein  aggregates  found  in  PD.127  Increased  nitrosative  stress 
may  also  compromise  the  ubiquitin  degradation  system,  which, 
when  impaired,  cannot  properly  degrade  proteins,  leading  to 
aggregation.125  Parkin,  an  E3  ubiquitin  ligase  implicated  in  PD, 
has  been  shown  to  be  S-nitrosylated,  which  impairs  its  function 
and  leads  to  increased  protein  aggregation.128-1  0  S-Nitrosylation 
of  Hsp90  compromises  its  protection  abilities  as  a  chaperone  and 
leads  to  increased  aggregation.131  NO  stress  can  also  compromise 
mitochondrial  function.  Electrons  leak  from  the  electron  transport 
chain  (ETC)  to  react  with  NO,  forming  peroxynitrite  (ONOO-), 
which  damages  lipids,  proteins,  and  DNA132  S-Nitrosylation  of 
prosurvival  and  proapoptotic  proteins,  p21,  Ras,  and  Bcl-2  alters 
their  activity.132  Two  of  the  isoforms  of  NOS,  nNOS  and  eNOS, 
are  constitutively  expressed  and  activated  by  an  increase  in  intra¬ 
cellular  calcium  concentration.  Calcium  binds  to  calmodulin,  a 
small  protein,  and  this  complex  binds  and  activates  these  NOSs.133 

NOS  inhibitors  as  potential  therapeutics  have  been  sought 
since  the  discovery  of  NO's  signaling  role  in  the  late  1980s. 
Since  crystal  structure  information  was  not  yet  available,  early  inhi¬ 
bitors  began  as  arginine  analogues,  shown  in  Table  1  (27— 33). 134 


These  inhibitors,  however,  lacked  selectivity.  Selectivity  has 
proven  to  be  difficult  to  achieve  over  the  past  20  years  because 
of  the  high  homology  of  the  isoforms,  especially  in  the  active 
site.  N- Nitro-L-arginine  (L-NNA,  27)  does  show  some 
selectivity,  about  250-fold  for  nNOS  over  iNOS,  but  essentially 
no  selectivity  for  nNOS  over  eNOS.135  Because  of  the  important 
role  of  eNOS  in  vascular  regulation,  this  poor  selectivity 
over  eNOS  leads  to  hypertension  in  animals.136  L-NNA  (27), 
L-NMA  (28),  and  L-NAME  (29)  are  commonly  used  in  both  in 
vitro  and  in  vivo  pharmacology  experiments  because  of  their 
stability,  commercial  availability,  low  toxicity,  and  solubility. 
Thiocitrulline  and  methylated  thiocitrulline  analogues  have  also 
been  explored,  but  selectivity  over  eNOS  has  been  difficult  to 
achieve.134 

Using  L-NNA  as  a  starting  point,  Silverman  and  co-workers 
developed  several  series  of  nNOS-selective  dipeptides  (see 
Table  2).  This  approach  takes  advantage  of  the  potency  of 
the  arginine  analogue  scaffolds  but  also  provides  compounds 
that  can  potentially  extend  out  of  the  heme  binding  pocket  in 
an  attempt  to  interrogate  the  isozymes  for  selective  contacts 
away  from  the  active  site.  Residue  differences  between  isoforms 
include  the  following:  S585  in  nNOS  is  N370  in  iNOS  but  is 
S356  in  eNOS;  D597  nNOS  is  N368  in  eNOS. 

Early  dipeptide  esters  (34)  achieved  impressive  selectivity 
over  iNOS,1  while  more  optimization  led  to  35,  which  is 
highly  selective  over  eNOS  (1500-fold).138  Modifications  of  the 
peptide  scaffold  included  acetylation,  benzyloxycarbonylation, 
amide  methylation  or  conversion  to  peptoids,  in  an  attempt 
to  protect  against  metabolic  degradation  but  led  to  drops  in 
selectivity.13^  Exploration  of  conformationally  rigid  analogues 
of  34  led  to  highly  potent,  selective  dipeptide  amides  36, 140 
37, 141  and  38, 142  but  these  compounds  have  limited  BBB 
permeability  because  of  their  tricationic  structures. 

As  crystal  structures  of  NOS  became  available,143,144  nNOS 
inhibitors  moved  away  from  the  arginine  mimetic  scaffold. 
The  Silverman  group  switched  their  strategy  to  de  novo  design 
using  a  pharmacophoric  approach  they  developed  termed 
“fragment  hopping”.145,146  This  led  to  a  potent,  nNOS  selective 
aminopyridine  scaffold  (±39).  Optimization  led  to  potent,  se¬ 
lective  nNOS  inhibitors  (±40),  and  replacement  of  a  nitrogen 
atom  with  an  oxygen  atom  increased  bio  availability  (41  ).145 
Furthermore,  (±)-40  was  shown  to  prevent  hypoxia-ischemia- 
induced  death  in  a  rabbit  model  of  cerebral  palsy.147  Upon 
maternal  administration,  (±)-40  and  an  analogue  were  able 
to  distribute  readily  to  the  fetal  brain,  inhibit  NOS  activity, 
and  decrease  NO  concentration  in  vivo,  to  be  nontoxic,  without 
detrimental  cardiovascular  effects,  and  to  show  a  remarkable 
protection  of  fetal  rabbit  kits  from  the  HI  induced  phenotype  of 
cerebral  palsy.  The  rabbit  kits  from  saline-treated  dams  had  a 
large  incidence  of  fetal/neonatal  deaths  (16/34,  47%)  but 
no  deaths  (0/49)  were  observed  from  animals  treated  with 
(±)-40  and  its  analogue.  Of  the  kits  from  saline-treated  dams 
that  came  to  term  (18/34),  severe  neurobehavioral  abnormal¬ 
ities  occurred  in  12/18  (67%)  compared  to  only  7/49  (14%)  in 
those  from  dams  treated  with  the  inhibitors.  Furthermore,  the 
inhibitor-treated  animals  exhibited  a  remarkably  larger  number 
(83%)  of  normal  kits;  only  9%  (3/34)  of  the  kits  from  saline- 
treated  dams  were  born  normal. 

Crystal  structures  of  single  enantiomers  41  and  42  revealed 
a  surprising  difference  in  binding  mode.148  Previous  crystal 
structures  show  aminopyridines  bind  NOS  with  the  amino¬ 
pyridine  head  over  the  heme,  but  the  ( R,R )  stereochemistry  of 
42  induces  a  flipped  binding  mode  with  the  fluorophenyl  tail 
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Table  1.  Structures,  Potencies,  and  Selectivities  of  Arginine  Analogues^ 
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aK{  bovine  eNOs/^s  rat  nNOs.  *4  murine  iNOs/^i  rat  nNOS*  cBovine  nNOS,  not  rat  nNOS.  ^L-NAME  presumably  is  hydrolyzed  to  L-NMA  intracellularly  or  in 
vivo.  eData  reported  from  Erdal  et  al.  and  references  within  ref  134. 


Table  2.  Dipeptide  Ester  and  Amide  nNOS  Inhibitors 


R 


Selectivity 
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binding  over  the  heme.  Moreover,  this  flipped  binding  mode  is 
more  potent;  the  of  42  is  7.2  nM,  which  is  lower  than  the 
of  41  (116  nM)  for  nNOS.149  Bioavailability  of  these  inhibitors 
is  poor  as  a  result  of  the  multiple  cationic  charges.  A  successful 
attempt  to  increase  bioavailability  and  take  advantage  of  the  two 
binding  pockets  for  the  aminopyridine  head  led  to  43, 150  which 
displayed  decreased  nNOS  selectivity.  Compound  43  is  a  lead 
compound  for  designing  future  selective  inhibitors  of  nNOS  with 
increased  bioavailability  and  a  synthetically  simple  structure. 


43 


NH2 


The  aminopyridine  moiety  is  a  bioisostere  of  the  guanidinium 
group  of  arginine.  2-Amino-4-methylpyridine  (44)  was  found 
to  be  potent  both  in  vitro  and  in  vivo  but  is  nonselective.151 
Simple  substituted  2-aminopyridines  were  studied  as  NOS 
inhibitors  but  were  found  to  be  mostly  selective  for  iNOS.152 
6-Phenyl-2-aminopyridines  were  explored  by  Pfizer  in  the  early 
2000s  as  nNOS  selective  inhibitors.  Compound  45  had  an  IC50 
of  140  nM  for  human  nNOS  but  only  modest  selectivity  over 
eNOS  (6  fold).153  Compound  46  has  an  IC50  of  70  nM  for 
human  nNOS  with  50-  and  10-fold  selectivity  over  eNOS  and 
iNOS,  respectively.  The  compound  possessed  a  good  pharmaco¬ 
kinetic  profile  and  was  well  tolerated  and  effective  in  vivo.154 

L-NIO  (47)  is  an  arginine  analogue  known  to  be  a 
nonselective  inactivator  of  NOS.155  Compound  48, 156  is  an 
nNOS  selective  reversible  inhibitor,  unlike  its  homologue  49, 157 
which  is  iNOS  selective  and  is  an  irreversible  inhibitor. 
Compound  48  is  selective  for  nNOS  over  eNOS  (155-fold) 
and  potent  (IC50  human  nNOS  =  40  nM)  but  is  not  effective  in 
vivo  in  rats.156  nNOS  selective  carbamidines  50  and  51  were 


reported  by  Amoroso  and  co-workers;158  computer  modeling 
was  used  to  rationalize  that  the  selectivity  of  these  bulky 
inhibitors  is  the  result  of  the  larger  heme  binding  pocket  of 
nNOS  compared  to  that  of  eNOS  and  iNOS. 


49  50  51 


Another  successful  guanidine-mimetic  moiety  is  the  thio¬ 
phene  amidine  (thienylcarbamidine)  (52).  Developed  by 
AstraZeneca,  52  is  a  selective  nNOS  inhibitor  with  an  IC50  of 
0.035,  5.0,  and  3.5  juM  for  human  nNOS,  iNOS,  and  eNOS, 
respectively.159  It  has  been  shown  to  effectively  cross  the  BBB 
in  animal  studies  and  to  be  neuroprotective  in  ischemia  models.160 
Crystal  structures  reveal  that  the  amidine  nitrogens  hydrogen- 
bond  to  nNOS  Glu592,  much  like  arginine,  while  the  thiophene 
sulfur  lies  3.4  A  above  the  heme  iron  but  does  not  coordinate  as  a 
sixth  ligand.161  NeurAxon  has  further  explored  the  thienylcarba¬ 
midine  functionality  with  53  and  54;  these  nNOS  selective 
inhibitors  are  being  developed  for  the  treatment  of  migraine 
pain.  Compound  53  is  a  dual-acting  inhibitor  of  nNOS  (IC50  of 
0.44  juM)  and  agonist  of  the  ^/-opioid  receptor  (fQ  of  5.4  nM), 
which  is  involved  in  pain.162  Compound  54  is  a  potent,  selective 
nNOS  inhibitor  without  any  cardiovascular  effects  and  with  a 
good  side  effect  profile.163 

A  variety  of  other  scaffolds  have  been  explored  as  NOS 
inhibitors,  but  they  are  beyond  the  scope  of  this  Perspective. 
They  are  described  in  detail  in  other  excellent,  recent  review 
articles.134'164'165  The  compounds  described  above  have  all  been 
active  site  inhibitors.  Inhibitors  that  disrupt  dimerization166  and 
inhibitors  that  displace  tetrahydrobiopterin167  also  have  been 
explored  as  NOS  inhibitors. 

5.  ANTIOXIDANTS  AS  THERAPEUTICS  FOR 
NEURODEGENERATIVE  DISORDERS 

Misregulation  of  nNOS  production  can  lead  to  oxidative  stress, 
a  hallmark  of  neuro degeneration.  In  addition  to  unregulated 
production  of  nitric  oxide  (NO)  by  nNOS,  other  reactive 
oxygen  species  (ROS)  exist  and  have  also  been  implicated  in 
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54 

1^50  human  nNOS  =  0.37 
selectivity  nNOS/eNOS  =  532 
selectivity  nNOS/iNOS  =  224 

neurodegeneration.  A  large  number  of  ROS  are  free  radicals  or 
radical-generating  derivatives  of  oxygen  such  as  super  oxide 
(02*“),  hydroxyl  radical  (*OH),  and  hydrogen  peroxide 
(H202).  Cellular  damage  in  the  nervous  system  by  free  radical 
species  has  been  implicated  in  AD,168-173  PD,174-177  HD,178 
and  ALS. 179,1 80  Antioxidants  are  molecules  that  react  with  ROS 
to  deactivate  them  and  are  of  interest  as  potential  therapeutics. 
Here,  we  present  a  summary  of  the  major  classes  of 
antioxidants  and  their  known  or  potential  efficacy  as  treatments 
of  neuro degenerative  disease. 

Compounds  that  can  direcdy  react  with  free  radical  species  are 
referred  to  as  direct  antioxidants.  These  compounds  do  not  generally 
rely  on  endogenous  cellular  mechanisms  to  wield  their  primary 
effect.  The  major  classes  of  direct  antioxidants  include  phenols, 
low-molecular-weight  enzyme  mimetics,  and  polyenes.  Because  of 
their  ability  to  quench  free  radical  species,  direct  antioxidants  can 
halt  the  procession  of  potentially  damaging  radical  chain  reactions. 

Free  radical  scavenging  phenols,  which  rely  on  the  facile  ability 
of  phenols  to  be  oxidized  to  their  corresponding  quinones,  can 
be  divided  into  two  categories:  monophenolic  and  polyphenolic 
compounds.  Monophenols  vitamin  E  (a- tocopherol,  55)  and 
estrogens  (56)  have  been  repeatedly  investigated  for  potential 
efficacy  in  treating  a  number  of  neuro  degenerative  diseases. 
Vitamin  E  has  been  shown  to  offer  modest  cognitive  benefits  in 
some  AD  patients;181-183  however,  other  studies  have  shown  no 
preventative  benefit  of  vitamin  E  for  AD  development.182-186 


While  no  significant  effects  have  been  observed  in  PD,187-190  or 
HD,191  vitamin  E  was  found  to  delay  onset  as  well  as  slow  the 
progression  of  ALS.192'193  The  use  of  estrogen  replacement 
therapy  (ERT)  is  also  believed  to  play  a  preventative  rather  than 
therapeutic  role  in  AD,194-198  and  it  is  likewise  the  case  for 
PD,199-201  which  may  be  related  to  the  increased  disease  pre- 
valence  observed  in  men  over  women.  '  Polyphenols,  which 
include  well-known  compounds  resveratrol  (57)  and  curcumin 
(58),  as  well  as  a  large  family  of  flavonoids  such  as  quercitin  (59) 
and  epicatechin  (60),  have  already  been  extensively  reviewed  for 
their  potential  therapeutic  properties  204-207 


Under  normal  conditions,  cellular  antioxidant  defense 
mechanisms  are  present  to  combat  both  metabolic  and  exoge¬ 
nous  sources  of  ROS.  These  mechanisms  include  both  small 
molecules  and  enzymes.  The  primary  small  molecule  utilized  is 
glutathione  (GSH),  a  tripeptide  possessing  a  sulfhydryl  moiety 
capable  of  donating  electrons  to  oxidized  molecules,  followed 
by  regeneration  via  NAD  PH.208'209  As  for  antioxidant  enzymes, 
superoxide  dismutase  (SOD)  converts  02*-  into  H202,  which 
can  then  be  rapidly  reduced  by  catalase  or  glutathione  per¬ 
oxidase  (GPx)  to  H20  and  o2.177,210,211  The  metabolism  of 
02*“  and  H202  is  critical  because  02*-  can  react  with  NO  to 
form  peroxynitrite  (ONOO-),  and  H202  can  react  with  Fe2+ 
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to  generate  *OH  radicals,  which  are  highly  reactive  species  that 
are  capable  of  lipid,  protein,  and  DNA  damage.  '  A  study  of 
potential  low-molecular-weight  mimics  of  SOD  and  GPx  has 
identified  a  small  number  of  potential  therapeutics.  The  small, 
organoselenium  compound  ebselen  (61 )  has  exhibited  notable 
activity  as  a  GPx  mimetic  and  ONOO-  scavenger  in  vitro213'214 
and  has  shown  significant  beneficial  effects  in  a  primate  model 
of  PD.215  Ebselen's  catalytic  ability  can  be  initiated  with  or 
without  the  presence  of  ROS.  In  the  presence  of  oxidative  species, 
oxidation  to  the  selenoxide  (Se=0)  followed  by  reduction  via  a 
thiol  electron  donor  generates  a  reactive  selenenic  acid  (Se— OH) 
that  readily  loses  water  and  converts  back  to  ebselen.  Without  the 
presence  of  ROS,  oxidation  of  a  free  thiol  forms  a  selenyl  sulfide 
(Se— SR)  leading  to  the  production  of  a  disulfide  (RS— SR)  and  a 
selenol  intermediate  (Se— H).  The  selenol  can  be  readily  oxidized 
by  ROS  to  form  selenenic  acid,  which  leads  to  regeneration  of 
ebselen  216  The  organoselenium  compound  62,  similar  to  ebselen, 
has  shown  even  higher  in  vitro  GPx-like  activity  and  may  also 
possess  therapeutic  potential  for  PD  or  other  neurodegenerative 
disorders 217,218  Organoselenium  compound  62  is  currently  in 
clinical  trials  for  cardiovascular  indications. 


61  62 

In  addition  to  the  therapeutic  potential  found  in  GPx 
mimetics,  Mn-containing  complexes  have  been  found  to  be 
effective  SOD  mimetics.  Metalloporphyrins  63  and  64  have 
been  found  to  exhibit  high  SOD  activity,  catalase  activity,  as 
well  as  inhibition  of  lipid  peroxidation.2  9,220  The  antioxidant 
activity  of  63,  64,  and  similar  metalloporphyrins  has  been 
extensively  studied  in  a  variety  of  models  for  oxidative  neuronal 
damage.221  Salen  manganese  complexes  65  and  66  are  also 
SOD  and  catalase  mimetics.  These  complexes  have  been  shown 
to  confer  neuroprotection  in  both  in  vitro  and  in  vivo  models 
for  pd  222,223 


O  R2  R2  D 

65  R2  =  Me 

66  R2  =  Et 


Polyene  antioxidants  primarily  comprise  carotenoids  such  as 
/2-carotene  (67),  lycopene,  retinol,  and  lutein  and  are  typically 
of  plant  origin.  These  carotenoids  are  capable  of  scavenging 
singlet  molecular  oxygen  (^2)  and  peroxyl  radicals  forming 
stabilized  radicals  that  can  further  react  with  ROS  to  halt  radical 
chain  reaction  processes  224  The  rate  constants  for  singlet  oxygen 


quenching  by  carotenoids  are  on  the  order  of  109  M-1  s_1,  which 
is  near  diffusion  control 225  Peroxyl  radical  scavenging  is  also 
efficient,  especially  under  hypoxic  conditions,  and  is  important 
for  the  prevention  of  lipid  peroxidation 226  Carotenoids  are  an 
important  part  of  the  diet  of  animals  because  many  carotenoids 
are  metabolized  to  retinol  (vitamin  A),  which  cannot  be 
synthesized  endogenously.  Retinoic  acid  (RA),  an  irreversibly 
oxidized  form  of  retinol,  is  an  important  signaling  molecule 
involved  in  embryonic  growth  and  development.  There  have  been 
a  number  of  studies  that  suggest  the  therapeutic  potential  of  RA 
for  AD  prevention,227,228  but  there  has  been  no  evidence  to 
suggest  a  direct  antioxidant  effect  of  carotenoids  being  involved  in 
neurodegenerative  prevention.  A  more  recent  study,  however,  has 
shown  that  all-trans  RA  (ATRA,  68)  treatment  invokes  a  decrease 
in  brain  A/2  deposition  in  an  AD  mouse  model  by  inhibition  of 
amyloid  precursor  protein  processing  229 


Indirect  antioxidants  are  compounds  that  do  not  directly 
react  with  ROS  but  are  involved  in  cellular  management  of 
oxidative  species.  Many  of  these  compounds  are  essential 
cofactors  required  for  cellular  oxidative  metabolism;  however, 
a  number  of  synthetic  compounds  have  been  identified  that 
fall  under  this  classification.  These  compounds  act  by  easing 
the  secondary  metabolic  burden  of  free  radicals  and  therefore 
diminishing  oxidative  damage. 

Quinones  are  a  class  of  compounds,  often  derived  from 
aromatic  compounds,  containing  two  carbonyl  groups  in  an 
unsaturated  six-membered  carbon  ring.  The  general  label  of 
vitamin  K  is  applied  to  a  number  of  related  quinone  compounds 
with  a  polyprenylated  naphthoquinone  ring  structure.  The 
primary  role  of  vitamin  K  is  to  act  as  a  necessary  enzyme  cofactor 
for  a  number  of  processes  that  include  blood  coagulation230  and 
bone  metabolism.231  There  is  growing  evidence,  however,  that 
vitamin  K  has  important  functions  in  the  brain,  and  that  a 
deficiency  may  contribute  to  the  pathogenesis  of  AD.232 
Ubiquinone  (69),  also  known  as  coenzyme  Q^,  serves  as  an 
important  cofactor,  primarily  in  the  electron  transport  chain 
during  aerobic  cellular  respiration.  Ubiquinone  has  been  found 
to  exert  a  protective  effect  against  PD  and  HD233,234  in  addition 
to  reducing  intracellular  A/2  deposition235  and  plaque  pathology  in 
AD  mouse  models  236 

The  mitochondrial-targeted  ubiquinone  analogues  70  and  71 
have  shown  encouraging  results  for  the  treatment  of  age-related 
neurodegenerative  disease.237  Targeted  delivery  of  these 
analogues  is  made  possible  by  the  cationic  triphenylphospho- 
nium  group,  which  takes  advantage  of  the  potential  gradient  of 
the  inner-mitochondrial  membrane.  Both  have  gone  to  clinical 
trials.238 

Spin  trapping  compounds  are  labeled  as  such  because  of  their 
ability  to  form  adducts  with  free  radicals  via  their  nitrone 
functionality.  Initially  utilized  in  analytical  chemistry,  spin  traps 
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have  exhibited  biological  activity  in  a  number  of  ROS 
implicated  disease  states.239'240  Although  spin  traps  are  capable 
of  directly  quenching  ROS,  recent  evidence  suggests  that  they 
induce  a  number  of  endogenous  antioxidants  and  enzymes 
involved  in  the  attenuation  of  oxidative  cellular  damage.241 
a-Phenyl-JV-ferf-butylnitrone  (PBN,  72)  has  exhibited  efficacy 
for  the  treatment  of  neurodegenerative  diseases  by  affecting 
signal  transduction  pathways  related  to  neuroinflammatory 
processes.242,243  On  the  other  hand,  cerovive  (73)  was  tested 
in  stroke  patients  in  clinical  trials  and  failed  to  show  efficacy, 
likely  because  of  its  poor  pharmacokinetic  properties.244  The 
more  lipophilic  nitrones  74  and  75  have  much  higher  radical 
scavenging  potential  over  PBN  and  cerovive  and  have  both 
exhibited  neuroprotective  efficacy  in  mouse  models  of 

pj^  245,246 


This  final  category  of  antioxidants  is  composed  of  a  large  and 
mixed  group  of  compounds  that  are  employed  by  the  cell  in 
the  transport  of  reducing  equivalents.  Prominent  examples 
include  ascorbate  (76),  which  has  exhibited  antioxidant  activity 
in  several  in  vitro  studies,247  and  the  previously  mentioned 
GSH  (77).  A  number  of  thiol  precursors  of  GSH  belong  to  this 
category  as  well.  These  include  the  dij>eptide  CysGly,  which 
is  used  to  generate  GSH  in  neurons,248  as  well  as  cysteine 
precursors  JV-acetylcysteine  (78)  and  procysteine  (79) ,249,250 
Despite  no  known  efficacy  of  these  compounds  for  the  treat¬ 
ment  or  prevention  of  neurodegenerative  disease,  brain  levels 
of  GSH  are  depleted  by  up  to  30%  in  the  elderly,  suggesting  a 
strong  link  to  age-related  disease. 

The  nuclear  factor  E2-related  factor  2  (Nrf2)  signaled  gene 
expression  in  response  to  cellular  stress  must  be  considered 


78  79 


when  discussing  potential  therapeutic  effects  of  antioxidants. 
Nrf2  is  a  transcription  factor  responsible  for  the  activation  of  a 
number  of  genes  whose  products  are  important  in  the  reduc¬ 
tion  of  cellular  oxidative  stress.  These  genes,  which  include 
glutathione-S-transferase  (GST),  coenzyme  Qi0,  NAD(P)- 
Hiquinone  oxidoreductase,  superoxide  dismutase  1  (SODl), 
and  many  others,  contain  a  common  promoter  called  the  anti¬ 
oxidant  response  element  (ARE).  Under  normal  conditions, 
Nrf2  is  bound  to  repressor  protein  Keapl  (Kelch  ECH 
associating  protein  l)  and  retained  in  the  cytoplasm.  In  the 
Nrf2-Keapl-ARE  expression  pathway,  Keapl  acts  as  a  sensor  for 
oxidative  stress  through  oxidation  of  or  electrophilic  addition 
to  its  many  cysteine  residues.251  Alteration  of  the  cysteine 
residues  of  Keapl  disturbs  Nrf2  binding,  which  allows  Nrf2 
to  translocate  into  the  nucleus.  Once  in  the  nucleus,  Nrf2 
heterodimerizes  with  members  of  the  small  Maf  (sMaf)  family 
of  transcription  factors,  binds  to  the  ARE,  and  ultimately  leads 
to  gene  expression  (Figure  3).  An  ever-growing  number  of 


Figure  3.  Mechanism  of  ARE-promoted  gene  expression  by  Nrf2. 
Disruption  of  the  Keapl -Nrf2  complex  allows  for  Nrf2  migration  to 
the  nucleus,  where  it  joins  with  other  transcription  factors  that  bind  to 
ARE  regions  of  genes  and  initiate  their  transcription. 


molecules  able  to  induce  Nrf2  signaling  have  been  identified, 
including  many  previously  mentioned  antioxidants.  These  mole¬ 
cules,  and  the  varying  chemical  characteristics  that  provide  their 
activity,  have  previously  been  reviewed  in  great  detail.  ' 

The  Nrf2  system  has  previously  been  the  subject  of  reviews 
in  regard  to  its  potential  as  a  therapeutic  target.254,255 
Activation  of  Nrf2  has  been  observed  to  prevent  apoptosis  of 
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motor  neurons  that  were  cocultured  with  the  ALS  model 
G93A-SOD1  mutant  astrocytes.  This  prevention  of  apoptotic 
signaling  is  believed  to  be  caused  by  glutathione-mediated  NO 
detoxification.256  Down-regulation  of  Nrf2  activated  genes  has 
also  been  observed  in  microarray  analysis  of  mutant  SOD 
transfected  motor  neuron-like  Nsc34  cells.257  It  has  also  been 
shown  that  dietary  sulforophane  (80),  a  known  Nrf2  signaling 
activator,  protects  against  degeneration  of  dopaminergic 
neurons  in  a  Drosophila  PD  model.258  A  study  to  assess  the 
localization  of  Nrf2  in  hippocampal  neurons  of  AD  indicated 
a  loss  of  nuclear  Nrf2  when  compared  to  age-matched 
control  individuals;  however,  cytoplasmic  levels  were  the 
same  between  AD  and  control  cases.  This  suggests 
impairment  in  nuclear  trafficking  and  may  limit  Nrf2 
activation  as  a  potential  AD  treatment.259  In  an  N171-82Q, 
transgenic  mouse  model  of  HD,  up-regulation  of  the  Nrf2/ 
ARE  pathway  by  synthetic  terpenoids  81  and  82  was  found  to 
rescue  behavioral  deficits,  extend  survival,  and  attenuate  brain 
and  peripheral  pathology.260 

O 
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6.  ANTIAGGREGATION  AGENTS 

One  consequence  of  high  levels  of  ROS  is  the  damage  and 
aggregation  of  proteins.  Neuro degenerative  diseases  have  been 
termed  “protein  aggregation  diseases”  because  protein 
aggregation  is  another  hallmark  of  these  diseases.  Aggregation 
consists  of  the  formation  of  identical  monomers  of  proteins 
self-associated  into  large  oligomeric  structures  of  reduced 
solubility  that  directly  contribute  to  the  onset  and  progression 
of  the  disease  in  question.  Commonly  implicated  proteins 
(Table  3)  include  tau  and  amyloid-/?  in  AD,  a-synuclein  in  PD, 
huntingtin  in  HD,  SOD1  in  ALS,  and  others  covering  a  range 
of  diseases.261  The  aggregation  process  leads  to  formation  of 
fibrils  with  defined  morphologies  or  amorphous  deposits  or 
both.  Here,  we  present  an  overview  of  therapeutic  targets  and  a 
selection  of  molecules  displaying  antiaggregation  properties. 
In  this  section  we  will  concentrate  on  the  most  frequently 
studied  protein  targets  for  the  development  of  antiaggrega¬ 
tion  inhibitors  as  listed  in  Table  3.  Additional  targets  are 
known,  and  inhibitors  are  being  actively  developed;  however, 
space  precludes  a  detailed  examination  of  all  potential 
targets.  Comprehensive  introductions  to  the  subjects  of 
pathogenicity  and  potential  targets,262  and  strategies  for  the 
design  of  antiaggregation  inhibitors263  that  have  been 
published  previously,  are  excellent  sources  of  in-depth 
coverage  of  the  subject  matter. 

Inhibiting  the  accrual  of  misfolded  forms  of  the  proteins 
comprising  aggregates  is  one  commonly  exploited  approach  for 
targeting  many  neuro  degenerative  diseases.  Kinase  inhibitors 
offer  the  advantage  of  allowing  inhibition  of  the  transformative 
process  responsible  for  misfolding  over  inhibition  of  the 


Table  3.  Proteins  Implicated  in  Misfolding  Aggregation 
Diseases  and  Respective  Targets  for  Aggregation  Inhibitor 
Compound  Design,  As  Discussed  Herein 


disease 

aggregating  protein 

direct  targets 

indirect  targets 

Alzheimer’s 

BACE-1 

HMG-CoA  reductase 
inhibitors 

amyloid-/? 

a-secretase 

protein  kinases 
(GSK3,  CDK5) 

y-secretase 

metal  chelators 

autophagy  activators 

tau 

physiological 

tau 

Parkinson’s 

a-synuclein 

HMG-CoA  reductase 
inhibitors 

protein  kinases 
(LRRK2) 

autophagy  activators 
heat  shock  protein 

Huntington’s 

huntingtin 

p°lyQ_ 

aggregates 

HMG-CoA  reductase 
inhibitors 

autophagy  activators 
heat  shock  protein 

amyotrophic 

sclerosis 

lateral  SOD1  and  many 
others  implicated 

protein  kinases 
(GSK3) 

autophagy  activators 
heat  shock  protein 

production  of  the  naturally  occurring  protein,  which  may  be 
crucial  to  normal  cellular  function.  Dual  inhibition  of  glycogen 
synthase  kinase  3  (GSK-3)264  and  cyclin-dependent  kinase  5265 
is  a  promising  strategy  for  tau-related  diseases  such  as  AD, 
when  hyperphosphorylation  of  tau  protein  leads  to  malfunction 
and  aggregation.266  One  such  example  of  a  dual-acting  inhibitor 
for  both  kinases  is  the  natural  product  hymenialdisine  83, 
which  has  been  the  basis  of  intense  SAR  and  analogue 
development  to  generate  potential  therapeutic  candidates. 
Similarly,  GSK-3  has  been  implicated  in  the  pathogenesis  of  a 
number  of  neuro  degenerative  diseases,  such  as  ALS268  and 
spinal  muscular  atrophy  (SMA).269  GSK-3  inhibitor  VII  (84) 
has  been  shown  to  significantly  delay  the  onset  of  symptoms 
and  extend  the  life  span  of  a  G93A-SOD1  mouse  model  of 
ALS.270  BIP-135  (85)  was  found  to  prolong  the  median 
survival  of  the  A7  SMA  KO  mouse  model  of  SMA  and  elevate 
survival  motor  neuron  levels  in  SMA  patient-derived  fibroblast 
cells.269  Leucine-rich  repeat  kinase  2  (LRRK2)  may  regulate  the 
propensity  of  a-synuclein  to  aggregate  and,  as  a  result,  has 
garnered  much  attention  as  a  target  for  a  therapeutic  interven¬ 
tion  in  PD  271 
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Inhibition  of  tau  aggregation  has  become  an  important 
strategy  in  targeting  pathological  tau.  The  use  of  small  mole¬ 
cules  to  inhibit  self-assembly  of  tau  into  oligomeric  and/or 
polymeric  species,  including  the  well-defined  fibrils  comprising 
neurofibrillary  tangles,  has  met  with  mixed  success.  Several 
compounds  demonstrate  activity  in  vitro;  however,  most  also 
suffer  from  toxicity  and/or  limited  CNS  uptake  issues.272  A 
testament  to  the  difficulty  in  designing  tau  inhibitors  is  the  fact 
that  one  of  the  most  promising  structures  is  still  one  of  the 
originally  reported  compounds  having  tau  aggregation  inhib¬ 
ition  activity:  methylene  blue  (86). 27  While  methylene  blue 
itself  only  possesses  weak  inhibitory  activity,  the  compound 
provided  a  lead  scaffold  for  derivatization.  The  dimethyl 
derivative,  tolonium  chloride,  was  found  to  exhibit  30-fold 
greater  activity  with  a  of  69  nM,  acting  at  almost  equimolar 
concentrations  with  tau.  Crucially,  the  compound  did  not 
inhibit  the  required  tau— tubulin  binding  interaction.  Interest¬ 
ingly  the  inhibitory  activity  was  also  observed  in  hyper- 
phosphorylated  tau,  bringing  into  question  the  need  to  inhibit 
kinases  to  elicit  a  subsequent  inhibition  of  tau  aggregation. 
Recent  advances  have  identified  aminothienopyridazines 
(ATPZs)  as  a  novel  class  of  tau  fibrilization  inhibitors  with 
efficacy  in  in  vitro  models  and  favorable  druglike  properties. 
Compound  87  represents  the  current  lead  structure,  demon¬ 
strating  good  brain  penetration,  oral  bio  availability,  and 
nonspecific  brain  tissue  binding.  The  compound  is  set  to 
undergo  long-term  in  vivo  testing.274  Refinement  of  in  vitro 
models  of  tauopathy  will  also  have  a  large  impact  on  drug 
design  targeting  tau  aggregation.  A  recently  disclosed  model 
using  inducible  hippocampal  brain  slices  provides  a  more 
robust  assay  environment  for  further  advances.275 


87 


Accumulation  of  oligomeric  /Tamyloid  peptides  (A/3)  is 
characteristic  of  AD  and  is  the  primary  agent  in  the  patho¬ 
genesis  of  the  disease.  A/3  is  generated  from  the  amyloid 
precursor  protein  (APP)  via  two  proteolytic  enzymes, 
j3- secretase  and  y-secretase,  responsible  for  the  regulation  of 
the  first  step  in  amyloidogenic  APP  metabolism  and  generation 
of  A/3,  respectively.  a-Secretase  conducts  an  alternative  pro¬ 
teolytic  cleavage  that  prevents  A/3  production  and  accumu¬ 
lation.  Development  of  /?-secretase  (BACE-l)  inhibitors  has 
been  hindered  because  of  poor  BBB  permeability.276  Recent 
efforts  have  moved  away  from  peptide-based  compounds 
to  more  lipophilic  structures  such  as  difluoride  88,  which 
demonstrated  a  70%  reduction  of  A/3  in  beagle  dog  CSF  up  to 
9  h  after  dosing.277  Progression  to  phase  I  trials  followed, 
showing  for  the  first  time  a  good  correlation  with  preclinical 
and  clinical  efficacy.  However,  rat  toxicology  data  indicated 
renal  toxicity  from  an  off-target  interaction  that  has  yet  to 
be  identified.  The  compound  succeeded  in  demonstrating 
BACE  to  be  a  “druggable”  target.  Potent  compounds  inhibiting 
y-secretase  have  been  developed;  however,  inherent  toxicity 
problems  still  remain  as  a  challenge.278  Avegacestat  (89),  a 


potent  and  selective  y-secretase  inhibitor,  succeeded  in  reducing 
brain  levels  of  A/340  in  wild-type  rats  by  59  ±  12%  with  a 
30  mg/kg  dose.279  However,  the  compound  has  now  been 
dropped  from  clinical  studies  by  BMS.  Modulation  of 
a-secretase  is  an  increasingly  attractive  target  in  AD  therapy; 
activation  is  controlled  by  the  protein  phosphorylation  signal 
transduction  pathway  of  protein  kinase  C  (PKC).280  The 
known  PKC  activator  bryostatin  (90)  promotes  sAPP-a- 
secretase  at  subnanomolar  levels;281  analogue  construction  to 
refine  pharmacological  properties  has  garnered  a  great  deal  of 
attention  in  the  literature.282 


Twenty-five  percent  of  the  cholesterol  present  in  humans 
is  synthesized  in  the  brain,  where  it  performs  many  vital 
functions,  such  as  myelin  formation,  structural  composition 
of  glial  and  neuronal  membranes,  and  in  neurotransmission. 
A  link  between  cholesterol  levels  and  the  production  of  APP  in 
Alzheimer's  patients  has  been  suggested  by  the  use  of  statins, 
cholesterol-lowering  drugs  that  inhibit  3-hydroxy-3-methylglutaryl 
coenzyme  A  (HMG-CoA)  reductase,  demonstrating  a  decreased 
prevalence  of  AD  283  In  particular,  simvastatin  showed  a  marked 
decrease  of  both  cholesterol  and  A/3  in  guinea  pig  CSF;  however, 
translation  to  human  patients  only  showed  a  small  decrease, 
which  may  be  attributed  to  the  higher  concentration  of  A/3  in 
plaque  formed  within  the  brain  and  therefore  not  available  to 
transfer  to  CSF 284  Interest  in  the  link  between  cholesterol 
regulation  and  neuro degenerative  diseases  has  grown  considerably 
in  recent  years  with  implications  ranging  from  AD285  to  PD,286 
HD,287  and  the  prion  diseases 288  Attempts  to  identify  new 
HMG-CoA  reductase  inhibitors  and  analogues  of  statins 

..  289 

continue. 

There  is  increasing  evidence  that  heat  shock  proteins 
(HSPs),  molecular  chaperones  that  control  protein  misfolding 
and  aggregation,  could  counteract  the  pathological  mechanisms 
that  take  place  during  AD,  PD,  and  HD.29  The  HSPs  can 
interfere  with  the  misfolded  disease-linked  proteins,  thereby 
preventing  interactions  that  can  lead  to  formation  of  toxic 
oligomers.  Moreover,  HSPs  are  expected  to  interfere  with 
detrimental  processes  that  occur  during  these  diseases,  such  as 
oxidative  stress,  and  act  in  support  of  the  ubiquitin— proteasome 
degradation  process.  These  factors  combine  to  make  HSP 
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activators  an  important  target  in  combating  neuro degenerative 
disease.291  Central  to  the  hypothesis  of  targeting  protein 
misfolding  is  heat  shock  transcription  factor  1  (HSFl),  the 
main  activator  of  chaperone  protein  gene  expression;  activating 
HSF1  increases  the  amount  of  chaperone  expression  and,  in 
turn,  the  rate  of  clearance  of  misfolded  proteins.292  The 
chaperone  protein  Hsp90  is  responsible  for  protein  folding 
regulation  in  many  cells  and,  in  addition,  is  known  to  bind  to 
HSF1  and  impede  activation;  therefore,  Hsp90  inhibitors  have 
therapeutic  potential  in  many  neuro  degenerative  diseases 293 
A  representative  example  of  a  Hsp90  inhibitor,  celastrol  (91 ), 
which  is  isolated  from  a  Chinese  medicinal  herb,  is  a  potent 
inhibitor  of  Hsp90  acting  by  activation  of  HSF1;294  however, 
the  exact  mode  of  action  is  poorly  understood  and  is  the  subject 
of  much  investigation  to  aid  in  the  development  of  this 
compound  as  a  potential  therapeutic 295  Arimoclomol  (92),  a 
co-inducer  of  heat  shock  proteins,  increases  median  survival  in 
a  G93A-SOD1  mouse  model  of  ALS  by  22%,  illustrating  the 
therapeutic  potential  of  the  HSP  target  in  ALS  296  In  addition, 
the  closely  related  protein  Hsp70  is  rapidly  gaining  interest 
as  a  target  for  many  diseases,  including  those  contributing  to 
neuro  degeneration 297  In  addition  to  HSP  inhibitors,  several 
other  classes  of  compounds  have  been  found  to  elicit  an 
activation  effect  in  autophagy  and  hence  increase  the  rate  of 
fibril  clearance  298  Among  the  most  widely  investigated  of  these 
compounds  are  rapamycin  (93),  which  displays  neuroprotective 
effects  in  many  neurodegenerative  diseases,299  and  the  dis¬ 
accharide  trehalose  (94),  which  has  been  shown  to  reverse 
aggregation  caused  by  proteasome  inhibition.300  HSPs  act  as 
protein  folding  machinery  and  work  in  conjunction  with  the 
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ubiquitin— proteasome  system  (UPS),301  failure  of  which  is 
thought  to  contribute  to  the  pathogenesis  of  PD.302 

A  myriad  of  additional  approaches  for  therapeutic  design  and 
intervention  in  neurodegenerative  disease  have  been  proposed, 
and  a  comprehensive  discussion  is  beyond  the  scope  of  this 
Perspective;  however,  several  newly  emerging  areas  will  be 
discussed  briefly.  The  use  of  chemical  chaperones,  small 
molecules  having  the  ability  to  stabilize  unfolded  monomer 
conformations  and/or  to  destabilize  misfolded  oligomers,  has 
been  widely  explored.303'304  An  alternative  approach  involves 
the  use  of  metal  chelators,  compounds  that  sequester  physio¬ 
logical  metal  ions  and,  in  so  doing,  block  protein  aggregation. 
Aft,  for  example,  shows  ready  binding  to  metals  such  as  Zn2+ 
and  Cu2+,  which  induce  nucleation  and  the  formation  of 
aggregate  plaques.  In  addition,  the  interaction  between  redox 
active  Cu2+  and  A/3  can  produce  neurotoxic  reactive  oxygen 
species.305  Recent  developments  have  led  to  the  synthesis  of 
platiniferous  chelators  such  as  95,  containing  a  Pt (bipyridine )- 
Cl2  group  as  the  Aft  binding  portion.306  Compounds  of  this 
type  show  almost  complete  reversal  of  Aft  aggregation  in 
turbidimetry  experiments  conducted  using  Aft 40.  Additional 
compounds,  many  of  them  peptidyl  in  structure,  acting  as 
/Tsheet  blockers  have  been  investigated.307 


95 


Direct  inhibition  of  the  oligomerization  pathway  has  been 
shown  to  be  possible  with  a  number  of  small  molecule 
inhibitors  that  disrupt  soluble  oligomers  and  interfere  with 
larger  structures;  however,  this  approach  does  not  take  into 
account  the  accumulation  of  potentially  toxic  monomers.  Such 
compounds  include  N-phenylanthranilic  acid  analogues  (96), 
displaying  activity  against  the  Aft  peptide  with  an  IC50  of 
1  //M,308  and  benzothiazole  97,  with  activity  to  prevent  polyQ_ 
aggregates  (the  cause  of  Huntington's  disease)  in  vitro  with  an 
IC50  of  1.2  ^M.309 


97 


Despite  a  rich  choice  of  targets  of  action,  the  use  of  anti- 
aggregation  agents  in  the  treatment  of  neurodegenerative 
diseases  has  been  limited.  Poor  BBB  penetration,  off-target 
toxicity,  distribution  in  target  tissue,  and  poor  kinase  selectivity 
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have  limited  the  potential  of  this  broad  class  of  compounds. 
Developments  continue  to  counteract  these  limitations,  and 
further  optimization  has  the  potential  to  create  an  efficacious 
and  clinically  useful  therapeutic.  One  such  strategy  is  the 
development  of  compounds  that  interact  at  multiple  targets 
across  the  antiaggregation  target  spectrum. 

7.  CONCLUSIONS 

Modulation  of  one  or  more  of  the  distinct  physiological  pro¬ 
cesses  depicted  in  Figure  1  has  been  shown  to  be  pathological 
in  neuro degenerative  diseases.  Small  molecule  therapeutics 
have  been  developed  to  target  each  step  of  the  process: 
voltage-gated  calcium  channels,  NMDA  receptors,  neuronal 
nitric  oxide  synthase,  oxidative  stress  from  reactive  oxygen 
species,  and  protein  aggregation.  In  addition  to  their 
potential  as  therapeutics,  small  molecules  targeting  proteins 
involved  in  neurodegenerative  pathways  can  provide  insight 
into  their  roles  and  connections.  Determining  how  targets 
interact  with  each  other  could  reveal  previously  unknown 
pathways.  However,  after  more  than  100  years  of  intense 
research,  all  current  therapies  for  neurodegeneration  are  still 
directed  toward  symptomatic  relief,  not  disease-modifying 
effects. 

In  the  development  of  small  molecules  to  combat  neuro¬ 
degenerative  diseases,  a  combination  therapy  approach  such  as 
those  taken  to  treat  cancer,  to  fight  microorganisms,  and  to 
remedy  hypertension  should  be  considered.  A  multitarget 
therapeutic  approach  will  combat  the  disease  from  many 
pathways,  greatly  enhancing  the  probability  of  disease 
modification.  For  example,  inhibiting  nNOS  from  producing 
species  that  generate  ROS  and  inhibiting  protein  aggregation 
provide  a  dual  mode  of  action  by  simultaneously  reducing  the 
underlying  cause  of  protein  misfolding  and  aggregation 
(oxidative  stress  damage)  and  combating  the  aggregation 
caused  by  ROS  that  survive  to  cause  protein  damage.  Second, 
the  potential  synergy  that  may  result  from  a  drug  combination 
may  allow  for  the  use  of  therapeutics  at  lower  levels,  allowing 
for  the  deployment  of  therapeutics  that  have  small  therapeutic 
windows,  off-target  effects,  poor  potency,  or  high  toxicity, 
thereby  expanding  the  arsenal  of  drugs  available  to  fight  these 
crippling,  fatal  diseases. 

Successful  dual-acting  compounds  are  beginning  to  be 
reported;  however,  such  compounds  remain  scarce  in  the 
literature  and  represent  a  minute  proportion  of  the  overall 
effort  in  drug  discovery  for  neurodegeneration.310  Examples 
designed  to  target  two  of  the  pathways  depicted  in  Figure  1 
include  compound  18,  a  dual  NMDA  and  LTCC  inhibitor 
discussed  in  section  2.  Benzofuran-based  compound  98  and 
analogues  demonstrate  activity  in  three  pertinent  targets  for 
AD;  they  serve  as  acetylcholine  esterase  inhibitors,  Aft  aggrega¬ 
tion  inhibitors,  and  inhibitors  of  Aft1S- 35  peptide-induced  ROS 
formation.  The  potential  of  these  compounds  to  be  disease 
modifying  lies  not  just  with  their  targets  but  also  with  their 
ability  to  combat  one  of  the  underlying  generators  of  ROS  in 
AD  rather  than  simply  inactivating  individual  species.311 
Imidazole  99  represents  the  most  active  compound  of  a  library 
of  analogues  screened  for  nNOS  inhibition  activity.  The  com¬ 
pounds  were  designed  as  dual-target  compounds;  in  addition 
to  acting  as  nNOS  inhibitors,  the  compounds  are  active 
antioxidants  that  scavenge  free  radicals  and/or  reduce  lipid 
peroxidation.312  While  these  compounds  were  designed  as  a 
possible  therapeutic  for  cerebral  ischemia,  they  would  appear  to 


be  ideal  compounds  for  screening  in  neurodegenerative  disease 
drug  discovery. 

A  final  example  is  the  combination  of  two  therapeutic 
constructs  by  a  linker  chain.  Hup rine— tacrine  heterodimers 
(lOO)  simultaneously  block  the  active  and  peripheral  sites  of 
acetylcholinesterase,  resulting  in  high  potency  (approximately 
1  nM).  Additionally,  the  hetero dimers  interact  at  two  targets 
in  the  pathway  of  Figure  1,  acting  as  both  self-aggregation 
inhibitors  of  Aft  (ranging  from  39%  to  67%  inhibition)  and 
BACE-1  inhibitors  (5—7  /uM).  Interestingly,  while  both  of  these 
targets  are  AD  specific,  the  compounds  inhibit  the  aggregation 
of  a  prion  peptide  that  plays  a  key  role  in  the  aggregation  of  the 
prion  protein.313 
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A  multitarget  approach  would  provide  drug  combinations 
and  first-in-class  molecular  scaffolds  to  allow  for  the  further 
probing  and  elucidation  of  the  precise  molecular  networks  and 
signaling  cascades  that  underlie  the  nature  of  neuro  degenera¬ 
tion.  Given  the  fact  that  at  present  there  is  not  yet  a  single 
therapy,  let  alone  a  combination  of  therapies,  that  significantly 
alters  the  progression  of  neurodegeneration,  an  understanding 
of  the  root  causes  for  neurodegeneration,  and  the  knowledge  of 
the  important  pathways  that  should  be  altered  to  accomplish 
this,  would  be  welcomed. 

This  Perspective,  based  on  the  commonalities  within 
neurodegeneration  (Figure  l),  describes  druggable  targets  of 
action  and  the  compounds  developed  to  interact  with  them.  In 
so  doing,  we  have  covered  many  targets  that  are  specific  to  one 
particular  disease  (e.g.,  BACE1  inhibitors  for  AD).  It  is  our 
intent  to  bring  to  the  attention  of  the  reader  possible  target 
combinations  and  molecular  scaffolds  that,  when  combined, 
may  advance  the  discovery  of  the  ultimate  goal  in  neuroscience 
drug  discovery:  a  disease  modifying  therapeutic. 
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ABSTRACT:  The  arylsulfanylpyrazolone  and  aryloxanylpyrazolone 
scaffolds  previously  were  reported  to  inhibit  Cu/Zn  superoxide 
dismutase  1  dependent  protein  aggregation  and  to  extend  survival  in 
the  ALS  mouse  model.  However,  further  evaluation  of  these  compounds 
indicated  weak  pharmacokinetic  properties  and  a  relatively  low  maximum 
tolerated  dose.  On  the  basis  of  an  ADME  analysis,  a  new  series  of 

compounds,  the  arylazanylpyrazolones,  has  been  synthesized,  and  structure— activity  relationships  were  determined.  The  SAR 
results  showed  that  the  pyrazolone  ring  is  critical  to  cellular  protection.  The  NMR,  IR,  and  computational  analyses  suggest  that 
phenol-type  tautomers  of  the  pyrazolone  ring  are  the  active  pharmacophore  with  the  arylazanylpyrazolone  analogues.  A 
comparison  of  experimental  and  calculated  IR  spectra  is  shown  to  be  a  valuable  method  to  identify  the  predominant  tautomer. 


■  INTRODUCTION 

Amyotrophic  lateral  sclerosis  (ALS),  a  rapidly  fatal  neuro- 
degenerative  disease,  is  characterized  by  progressive  loss  of 
upper  and/or  lower  neurons  in  the  motor  cortex,  brainstem, 
and  ventral  spinal  cord.1  Although  the  incidence  and  prevalence 
of  the  disease  are  relatively  low  compared  with  other 
neurodegenerative  diseases  such  as  Parkinson's  disease  and 
Alzheimer's  disease,  it  has  the  most  rapid  progression  to  death, 
in  most  cases  within  3—5  years  after  diagnosis.2  Moreover,  an 
observed  increased  prevalence,3  higher  risk  for  military 
personnel,4  and  high  cost  for  care  in  the  late  stages  of  ALS5 
result  in  extreme  economic  and  emotional  burdens  to  the 
patients  and  their  families,  nearly  one-third  of  whom  reside  in 
the  United  States.6  The  sole  FDA-approved  drug  riluzole,  a 
presumptive  antiglutamatergic  agent,  extends  survival  by  only 
2—3  months.7 

Although  the  mechanistic  basis  of  ALS  and  the  cause  of 
motor  neuron  death  remain  controversial,  a  cohort  of 
susceptibility  genes  producing  ALS  have  been  identified  from 
familial  ALS  patients,8  such  as  fused  in  sarcoma,  senataxin,  TAR 
DNA  binding  protein  (TDP-43),  and  UBQLN2.  The  discovery 
of  the  toxicity  of  mutant  Cu/Zn  superoxide  dismutase  1 
(SODl)  provides  the  first  insight  into  potential  causes  for  ALS9 
and  contributes  the  most  to  our  understanding  of  ALS 
pathology,  which  includes  calcium  mediated  excitotoxicity, 
oxidative  stress,  mitochondrial  dysfunction,  and  aberrant  RNA 
processing.10  Recent  observations  that  mutant  SODl-express- 
ing  astrocytes  are  toxic  to  motor  neurons  in  both  familial  and 


sporadic  ALS,11,12  together  with  the  fact  that  SODl  mediated 
protein  misfolding  and  aggregation  have  proven  to  be 
associated  with  ALS  pathogenesis,13  suggest  a  possible 
therapeutic  treatment  involving  protection  against  mutant 
SODl-induced  cytotoxicity.  We  therefore  developed  an  assay 
using  PC12  cells  expressing  G93A  SODl14  and  carried  out  a 
high-throughput  screen  to  identify  compounds  that  protected 
these  cells  from  protein  aggregation  and  toxicity.15  One  of  the 
hit  scaffolds  was  the  arylsulfanylpyrazolones  (ASPs),  which 
exhibited  good  in  vitro  potency  but  was  rapidly  metabolized.16 
The  metabolic  hot  spot  was  identified  as  the  sulfur  atom,  which 
was  readily  oxidized.  Conversion  to  the  corresponding  ether  led 
to  much  more  stable  compounds,  and  one  analogue  extended 
the  life  of  G93A  ALS  mice  by  13.3%  at  20  mg/kg.17  A  SAR 
study  characterized  the  important  parts  of  this  class  of 
compounds.18  In  a  search  of  more  potent  and  metabolically 
stable  compounds,  which  also  would  allow  diverse  substitutions 
to  carry  out  target  identification  studies,  we  synthesized  the 
corresponding  arylazanylpyrazolones  (AAPs).  These  com¬ 
pounds  are  the  focus  of  this  paper  (Figure  l). 

■  RESULTS  AND  DISCUSSION 

Chemistry.  Two  synthetic  strategies  were  utilized  to 
synthesize  /Lketoesters,  the  critical  intermediate  for  the 
construction  of  the  pyrazolone  ring.  As  shown  in  Scheme  1, 
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Figure  1.  Substructures  of  AAP  analogues. 


the  upper  route  started  from  the  reaction  of  alkylanilines  or 
sulfonylamides  with  ethyl  bromoalkanoate.  The  ester  inter¬ 
mediates  reacted  with  the  enolate  of  ethyl  acetate,  providing  the 
anilino  substituted  /Tketoesters  in  moderate  to  high  yields.  The 
lower  single-step  route  was  carried  out  using  an  optimized 
methodology19  based  on  the  reaction  of  the  aniline  with  ethyl 
4-chloroacetoacetate,  resulting  in  a  series  of  anilino  substituted 
/Tketoester  intermediates  with  varied  R  and  R'  substituents.  All 
of  the  /Tketoester  intermediates  were  transformed  to 
pyrazolones  in  high  yields  with  hydrazine. 

An  alternative  synthetic  route  (Scheme  2)  was  designed  for 
bulky  R  groups  such  as  tert- butyl,  phenyl,  and  benzyl,  which 
gave  low  yields  of  anilino  esters  in  the  reaction  above.  By 
employment  of  ethyl  diazoacetate,  an  NH  insertion  occurred  to 
achieve  the  anilino  esters  in  good  yields,20  which  were  used  to 
generate  the  /Tketoester  intermediates  by  attack  of  the  enolate 
of  ethyl  acetate. 

The  A^-methylpyrazolone  analogue  (30)  was  easily  obtained 
by  replacing  hydrazine  with  methylhydrazine  in  the  heterocycle 
formation  (Scheme  3).  The  JV^methylpyrazolones  can  be 
further  modified  to  dimethyl-  and  trimethyl-substituted 
pyrazolone  analogues  (32—34).  Although  it  has  been  reported 
that  the  condensation  between  methylhydrazine  and  a  /?- 
ketoester  produces  a  mixture  of  JV^alkyl  and  N2-alkyl  isomers,21 
no  N1 -alkyl  product  was  observed  with  our  substrate.  With  the 
help  of  a  method  developed  by  Janin  and  co-workers,22  our 
attempts  to  synthesize  the  JV2-alkyl  product  (3l)  were 
successful,  as  shown  in  Scheme  3.  The  /?-ketoester  intermediate 
was  initially  converted  to  N1-2-hydroxylethyl-N2-tosylpyrazo- 
lone  derivative  35  in  an  85%  yield,  which  was  then  treated  with 
sodium  hydride  to  give  key  intermediate  36  containing  a  2,3- 
dihydropyrazolo[3,2-b]oxazole  ring.  Alkylation  with  MeOTf 
and  dihydro oxazole  ring-opening  with  sodium  iodide  followed 
by  elimination  of  hydrogen  iodide  led  to  N1- vinyl -N2- 
methylpyrazolone  37  in  a  55%  yield.  Acid  hydrolysis  gave  the 
desired  A^-methylpyrazolone  analogue  (3l). 

In  Vitro  Activity  of  Secondary  and  Tertiary  AAPs. 
Compound  1  has  an  oral  bioavailability  of  27%,  PK  half-life  of 
3.6  h,  and  maximum  tolerated  dose  of  75  mg/kg,  which  meet 
the  standard  minimal  criteria  for  preclinical  advancement.23 
However,  some  pharmacokinetic  properties  of  1  need  improve¬ 
ment.  For  example,  as  indicated  by  the  oral  bioavailability,17  the 
AUC/dose  of  1  showed  a  distinct  difference  between  iv  (184 


(ng-h/mL)/dose)  and  po  (50  (ng-h/mL)/dose)  administra¬ 
tion.  Given  good  aqueous  solubility  and  cell  permeability,  one 
of  the  most  likely  causes  for  the  difference  between  these  two 
routes  of  administration  is  the  first-pass  clearance  from  hepatic 
and  gut  metabolism.24  To  increase  metabolic  stability  and 
further  diversify  the  structure,  the  ether  oxygen  was  replaced  by 
the  isosteric  amine  functional  group. 

Two  possible  amines,  secondary  and  tertiary  AAP  analogues, 
were  initially  screened  in  the  protection  assay  (Figure  2)  and 
for  in  vitro  microsomal  stability  (Table  l)  and  Caco-2 
permeability  (Table  2).  Introduction  of  the  nitrogen  led  to  a 
potency  decrease  in  the  cell-based  protection  assay;  however, 
the  tertiary  arylazanyl  analogue  had  a  slightly  better  activity 
over  the  secondary  arylazanyl  analogue.  The  solubilities  of  2 
and  3  were  good  in  aqueous  media  (>150  [i M),  and  no 
precipitation  occurred  at  the  highest  concentration.  The  in  vitro 
plasma  half-life  for  both  compounds  was  >60  min.  Tertiary 
amine  3  exhibited  a  remarkable  stability  enhancement  in  human 
liver  microsomes  compared  with  the  moderate  half-lives  and 
clearance  rates  of  the  ether  and  secondary  amine  analogues. 
Whereas  1  had  excellent  permeability  and  low  efflux  potential 
toward  Caco-2,  neither  2  nor  3  exhibited  satisfactory  Caco-2 
permeability  and  both  had  high  efflux  potential,  although  3  was 
superior  to  2. 

These  preliminary  results  suggest  that  the  AAPs  may  not  be 
an  improvement  over  the  aryloxanylpyrazolone  series,  but  the 
tertiary  amine  analogue  (3)  showed  improved  human  micro- 
some  stability,  so  a  library  of  tertiary  amine  analogues  was 
synthesized. 

SAR  of  AAP  Analogues.  Compound  activity  was 
determined  using  the  previously  described  cytotoxicity 
protection  assay  (Table  1,  Supporting  Information).15  The 
variability  of  the  EC50  values  is  about  a  factor  of  2.  As  shown  in 
Figure  1,  the  tertiary  amine  AAP  scaffold  contains  four 
substructural  moieties:  aromatic  ring,  N-substituent,  linker, 
and  the  pyrazolone.  Structural  modifications  were  conducted 
on  each  moiety.  A  variety  of  substituents  in  the  aryl  moiety  was 
investigated  using  our  previous  synthetic  method  for  amination 
of  anilines  and  y-halogen-/?-ketoesters  (Figure  3).  In  general, 
the  potencies  of  these  AAPs  were  slightly  poorer  than  those  of 
the  ether  counterparts  (l  vs  325).  Our  previous  reports  on 
arylsulfanyl-16  and  aryloxanylpyrazolones17  (AXP)  showed  that 
the  3,5-dichloro  substitution  pattern  in  the  aromatic  ring  gave 
greater  potency  over  the  other  substitution  patterns  (about  5- 
to  10-fold  enhancement).  Here,  neither  the  electronic  proper¬ 
ties  (compounds  4—6)  nor  the  positions  of  substitution 
(compounds  9— ll)  in  the  aromatic  ring  exhibited  a  large 
activity  change,  but  the  size  of  the  substituents  affected  the 
activity  in  the  following  order:  F  <  CN  <  OMe  <  Cl  ~  Br  <  di- 
C1  ~  naphthalene.  2,4-Dichloro-  and  a-naphthyl  substitutions 
in  the  aromatic  ring  moiety  were  the  most  effective. 


Scheme  1.  Synthetic  Routes  for  Arylazanylpyrazolones 
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Scheme  2.  Synthesis  of  /7-Ketoester  Intermediates  with  Bulky  R  Groups 
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Scheme  3.  Synthesis  of  Analogues  Substituted  on  the  Pyrazolone  Moiety 
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Figure  2.  Conversion  of  ether  linker  to  amine  linker. 


Table  1.  In  Vitro  Microsomal  Stability  of  l-3a 


NADPH-dependent 

NADPH-absent 

compd 

CT  b 

(mL  min-1  kg-1) 

t1/2c 

(min) 

CT  h 

(mL  min  1  kg  ) 

Tin ° 

(min) 

1 

25 

Human 

93 

13 

173 

2 

24 

95 

0 

>180 

3 

0 

>180 

0 

>180 

1 

64 

Mouse 

36 

21 

111 

2 

78 

30 

23 

100 

3 

93 

25 

0 

>180 

aData  were  obtained  from  Apredica.  ^Microsomal  intrinsic  clearance. 
cHalf-life. 


Table  2.  In  Vitro  Caco-2  Permeability  of  1— 3a 


compd 

Papp(A^B)b 
(10  6  cm/s) 

Papp(B^A)b 
(10  6  cm/s) 

efflux  ratio  (B— »A)/(A— »B) 

1 

36.7 

14.1 

0.4 

2 

0.6 

28.1 

47.1 

3 

2.2 

7.6 

3.5 

aData  were  obtained  from  Apredica.  ^Apparent  permeability. 

With  the  aromatic  ring  substituents,  linker,  and  pyrazolone 
held  constant,  a  series  of  N-substituted  AAPs  was  synthesized 


(Figure  4;  these  compounds  were  being  synthesized  prior  to 
the  measurements  in  Figure  3,  so  3,5-dichloro  was  selected  for 
aryl  substitution).  Although  the  range  of  potency  changed  by 
less  than  4-fold,  the  ethyl  analogue  was  the  most  potent  and  the 
potency  decreased  with  an  increase  of  the  size  of  substituents  in 
the  following  order:  Et  >  c-Pr  >  z-Pr  ~  Bn  >  propargyl  >  t- Bu  ~ 
Ph;  however,  the  smaller  methyl  analogue  was  comparable  in 
potency  to  the  cyclopropyl  analogue.  The  propargyl  analogue 
will  be  beneficial  to  our  ongoing  target  identification  studies, 
providing  a  terminal  triple  bond  for  reporter  group  attachment 
via  click  chemistry.26 

An  investigation  of  the  linker  between  the  aryl  moiety  and 
the  pyrazolone  also  was  carried  out  to  determine  the  influence 
of  length  and  shape.  As  shown  in  Figure  5,  one  carbon  is  the 
optimal  length  between  the  nitrogen  and  the  pyrazolone 
moiety;  longer  linkers  reduce  the  activity. 

One  useful  modification  to  enhance  the  pharmacokinetic 
properties  is  a  ring— chain  transformation.27  Four  ring  linkers 
were  introduced  to  the  AAP  scaffold  (25—28).  The  connection 
between  the  aryl  group  and  the  N-substituent  (25  and  26) 
favored  26.  The  linker  between  the  N-substituent  and  the 
pyrazolone  ring  (27  and  28)  has  a  preference  for  that  described 
by  28.  The  latter  two  compounds  reveal  that  substitution  at  the 
5-position  of  the  pyrazolone  does  not  affect  potency. 

Selected  compounds  were  tested  with  cortical  neurons, 
which  is  critical  prior  to  the  expensive  and  time-consuming  ALS 
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Figure  3.  AAP  analogues  with  different  substituents  in  the  aromatic  moiety. 


Figure  4.  AAP  analogues  with  different  N-substituents. 


O 


Cl  EC50:  1.19  uM 


23 


Cl 


.0 

NH 


'3  H 


Cl  EC50:  1.45  uM 
24 


EC50:  1.45  uM 
27 


EC50:  1.06  uM 
25 


Cl  EC50:  0.65  uM 
28 


Figure  5.  AAP  analogues  with  different  linkers. 


mouse  model  studies.28  Although  long  linker  compound  24  and 
cyclic  linker  compound  27  are  active  in  the  PC  12  assay,  they 
are  not  active  with  cortical  neurons.  Compound  3  gave  better 
results  than  the  ether  counterpart  (l),  recovering  100% 
neuronal  activity  at  10  //M  (Supporting  Information). 

Pharmacophoric  Nature  of  the  Pyrazolone  Ring. 
According  to  our  previous  studies,  the  pyrazolone  ring  is  the 
key  functional  group  for  activity  in  all  of  the  AXP  scaffolds.  The 
compounds  without  a  pyrazolone  or  with  N,lV'-dimethyl 
substituted  pyrazolone  in  the  aryloxanyl  series  had  no  activity.17 
Given  that  there  are  three  potential  H-bonding  donors/ 
acceptors  in  the  pyrazolone  ring,  a  determination  of  their 
pharmacophoric  nature  is  important.  In  our  recent  paper,18  a 
putative  explanation  for  the  pyrazolone  activity  was  the 


availability  of  the  N2-hydrogen  (3a-type,  Figure  7)  for 
hydrogen  bonding.  To  determine  if  the  same  moiety  was 
essential  for  the  AAP  class  of  compounds,  single  N2-nitrogen 
substituted  pyrazolone  analogue  31  and  other  substituted 
pyrazolone  analogues  were  synthesized  (Scheme  3).  As  shown 
in  Figure  6,  29  and  30  were  comparable  in  activity  to  parent 


ECS0>32uM  Cl  EC50  >  32  uM  CIEC50>32uM  Cl  EC50:  0.67  uM 

32  33  34  38 


Figure  6.  AAP  analogues  with  different  pyrazolone  substitutions. 


compound  3,  while  compounds  31—34,  all  of  which  do  not 
have  a  N2-H,  were  devoid  of  activity,  demonstrating  the 
significance  of  the  N2-H  for  activity  in  this  series  as  well. 

Several  spectrometric  analyses  were  carried  out  to  determine 
if  the  pyrazolone  structure  shown  in  Figure  7  is  the  most 
prevalent.  Because  of  a  rapid  equilibrium  among  the  pyrazolone 
tautomers,  the  13C  NMR  spectrum  of  3  gave  a  carbon  signal 
with  obscure  bumps  in  the  region  of  the  pyrazolone  and 
methylene  group.  However,  clear  13C  NMR  spectra  of  those 
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Figure  7.  Tautomerism,  HMBC,  and  NOE  spectral  results  of  compounds  3,  30,  and  31. 


carbons  in  30  and  31  suggested  a  predominant  tautomer. 
HSQC,  HMBC,  and  NOE  spectra  of  30  and  31  were  then 
collected.  The  HSQC  spectrum  permitted  the  assignment  of  all 
of  the  protons  with  their  bonding  carbons.  Analysis  of  the 
HMBC  spectrum  enabled  the  connectivity  of  the  phenyl,  the 
linker,  and  the  pyrazolone  moieties.  The  cross  peaks  between 
the  phenol  hydrogen  and  the  4-hydrogen  of  the  pyrazolone  in 
the  NOE  spectrum  determined  the  spatial  approach  of  these 
two  neighboring  hydrogens,  which  supported  the  predominant 
tautomer  in  30  and  31  as  the  phenol  form  (30b  and  31b, 
Figure  7). 

In  an  attempt  to  rationalize  these  observations,  comprehen¬ 
sive  theoretical  calculations  were  performed  on  the  four 
possible  tautomers  of  3  using  density-functional  theory 
(DFT);  the  predicted  energy  order  was  3d  <  3b  <  3c  <  3a 
in  the  gas  phase  (Table  3).  The  largest  energy  difference  among 


Table  3.  Calculated  Energies  of  the  Tautomers  of  3 


tautomer 

energy  (au) 

AE  (kj/mol) 

3a 

-1585.125  802 

22.60 

3b 

-1585.129  852 

11.97 

3c 

-1585.128  450 

15.64 

3d 

-1585.134  409 

0 

all  of  the  forms  is  22.6  kj/mol,  which  is  an  insufficient  energy 
barrier  to  detect  a  preferred  tautomeric  form.  Since  the 
tautomerization  of  pyrazolone  was  first  discovered  by  Knorr  in 
1895, 29  several  reported  calculations  have  predicted  a  similar 
prediction  for  the  stability  of  the  pyrazolone  tautomers,30  and 
calculations  of  similar  structures  predicted  that  the  phenol 
forms  are  favored  for  1-  or  2-substituted  pyrazolones  in  aprotic 
solvents,20,31  as  we  observed. 

To  further  characterize  the  predominant  tautomeric  form  of 
the  pyrazolone  heterocycles  in  30  and  31,  we  performed 
quantum  chemical  calculations  (Figure  8).  The  predominant 
conformation  can  be  identified  by  comparing  the  experimental 
IR  spectra  with  the  predicted  IR  spectra  of  the  different 
tautomers.  All  of  the  predicted  spectra  of  keto  tautomers  have  a 
similar  high  frequency  at  ~1730  cm-1,  while  the  spectra  of 
phenol-type  tautomers  have  no  absorption  band  in  the  same 
region.  Hence,  the  frequency  at  ~1730  cm-1,  the  stretching 
vibration  of  the  C=0  bond,  is  an  important  band  to 


differentiate  these  two  tautomers.  The  experimental  IR  spectra 
do  not  contain  a  band  at  1730  cm-1.  Furthermore,  the  most 
highly  predictive  bands  for  phenol  forms  are  in  good  agreement 
with  the  experimental  data.  All  of  these  results  indicate  that 
phenol  forms  of  30  and  31  are  the  more  stable  tautomers. 
Similar  NOE  and  IR  spectral  observations  for  ether  analogue 
3832  suggest  that  the  active  pyrazolone  tautomer  in  the  AOP 
series  also  is  the  phenol  form  (see  Supporting  Information  and 
Figure  8C). 

On  the  basis  of  the  above  results,  we  conclude  that  the 
pyrazolone  phenol-type  tautomer  is  predominant  in  solution 
and  in  solid  phase,  but  given  that  the  target (s)  is  unknown,  we 
cannot  conclude  definitively  whether  this  tautomer  is  the 
pharmacophoric  core  responsible  for  the  activity  of  all  AAP  and 
AOP  analogues.  If  that  tautomer  is  the  active  tautomer,  then 
biological  activity  requires  the  following  two  criteria:  (l)  N2  has 
unsubstituted  sp2  hybridization  rather  than  sp3  hybridization; 
(2)  there  is  a  phenol  hydrogen,  presumably  as  a  H-bonding 
donor.  The  loss  of  activity  by  di-  and  trimethyl  substituted 
derivatives  also  supports  the  hypothesis  that  both  criteria  must 
be  met  for  activity. 

■  CONCLUSION 

Aryloxanyl  analogues  were  previously  identified  as  potential 
drug  candidates  exhibiting  good  potency,  AD  ME  properties, 
and  equivalent  or  slightly  better  results  with  the  ALS  mouse 
model  as  did  the  FDA-approved  drug  riluzole.  However, 
because  of  its  structural  limitations,  the  aryloxanyl  analogues 
may  not  be  suitable  as  a  chemical  probe  for  a  biological  target 
study  and  need  further  optimization  to  improve  in  vivo  activity. 

The  AAP  analogues  showed  superior  properties  relative  to 
the  corresponding  ether  derivative  in  potential  structural 
diversity  and  in  preliminary  metabolic  studies.  Conclusions 
from  the  SAR  study  are  as  follows:  (l)  the  size  of  the  aryl 
moiety,  rather  than  the  electronic  properties,  is  important  for 
good  potency;  (2)  potency  decreases  when  the  size  of  the  N- 
substituents  increase;  as  a  potential  chemical  reporter,  the 
alkynyl  group  is  well  tolerated;  (3)  one  carbon  is  the  optimum 
length  for  the  linker;  the  linker  can  be  linear  or  cyclic;  (4)  the 
pyrazolone  moiety  is  the  only  critical  pharmacophore  of  this 
structure  for  activity,  which  prefers  the  phenol-type  tautomer  in 
solution  and  solid  phase,  although  it  is  not  known  if  it  binds  to 
any  targets  in  that  form;  (5)  a  comparison  of  the  predicted  and 
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Figure  8.  Experimental  and  calculated  IR  spectral  comparison:  (A)  compound  30;  (B)  compound  31;  (C)  compound  38;  (i)  experimental  IR 
recorded  in  the  solid  phase;  (ii)  experimental  IR  recorded  in  DMSO  solution;  (iii)  calculated  IR  of  ketone-type  tautomer  (30a-like);  (iv)  calculated 
IR  of  phenol-type  tautomer  (30b-like).  The  stretching  vibrations  of  the  C =0  bond  (~1730  cm-1)  and  skeletal  vibrations  of  the  aromatic  rings 
(1600—1550  cm-1)  are  given  in  red. 


experimental  IR  spectra  is  useful  to  identify  the  predominant 
tautomer  of  a  heterocyclic  system. 

These  results  support  further  development  of  AAP  analogues 
as  a  reagent  for  target  identification  and  as  a  novel  drug 
candidate  for  the  treatment  of  ALS. 

■  EXPERIMENTAL  SECTION 

General  Experimental  Methods.  All  reactions  were  carried  out 
with  magnetic  stirring  and  were  monitored  by  thin-layer  chromatog¬ 
raphy  on  precoated  silica  gel  60  F254  plates.  Column  chromatography 
was  performed  with  silica  gel  60  (230—400  mesh).  Proton  and  carbon 
NMR  spectra  were  recorded  in  deuterated  solvents  on  a  Bruker  Ag500 
(500  MHz)  spectrometer.  The  chemical  shifts  were  reported  in  5 
(ppm)  (XH  NMR:  CDC13,  8  7.26  ppm;  DMSO-d6,  8  2.50  ppm.  13C 
NMR:  8  77.23  ppm;  DMSO-d6,  8  39.52  ppm).  The  following 
abbreviations  were  used  to  define  the  multiplicities:  s  =  singlet,  d  = 
doublet,  t  =  triplet,  q  =  quartet,  p  =  pentet,  m  =  multiplet.  Electrospray 
mass  spectra  were  obtained  using  an  Agilent  1100  MSD  instrument 
with  methanol  as  the  solvent  in  the  positive  ion  mode.  IR  was  recorded 
on  a  Bruker  TENSOR  FT-IR  spectrometer.  Elemental  microanalysis 
was  performed  by  Atlantic  Microlab  Inc.  (Norcross,  GA).  The  C,  H, 
and  N  analyses  were  performed  by  combustion  using  automatic 
analyzers,  and  all  of  the  compounds  analyzed  showed  >95%  purity.  All 
reagents  purchased  from  Aldrich,  Alfa  Aesar,  and  TCI  were  used 
without  further  purification  unless  stated  otherwise. 

General  Procedure  A  for  Nucleophilic  Amination  of  Anilines 
and  Bromoacetates.  To  a  solution  of  K2CO3  (200  mol  %)  and  the 
aniline  (l.O  equiv)  in  DMF  (2  mL/mmol)  was  added  ethyl 
bromoacetate  (150  mol  %).  The  reaction  mixture  was  stirred  at 
room  temperature  or  80  °C  for  16  h.  The  reaction  solution  was  diluted 
with  ethyl  acetate,  washed  twice  with  water  to  remove  the  reaction 
solvent,  and  washed  with  brine.  The  collected  organic  layers  were 
combined,  dried  over  Na2S04,  filtered,  and  concentrated.  The  crude 
product  was  purified  on  a  silica  gel  column,  eluting  with  a  mixture  of 
ethyl  acetate  and  hexane  (5—20%  ethyl  acetate)  to  afford  the  product 
as  a  colorless  to  pale  yellow  oil  in  a  yield  of  30—80%. 

General  Procedure  B  for  Carbene  Insertion  of  Anilines.  To  a 
solution  of  the  aniline  (l.O  equiv)  and  Rh2(OAc)4  (2  mol  %)  in 
anhydrous  dichloromethane  (l  mL/mmol)  was  added  ethyl 
diazoacetate  dropwise.  Caution:  Much  N2  is  released!  The  reaction 
mixture  was  stirred  at  room  temperature  for  1  h.  After  evaporation  of 
the  volatiles,  the  reaction  residue  was  purified  on  a  silica  gel  column, 
eluting  with  a  mixture  of  ethyl  acetate  and  hexane  (5—20%  ethyl 


acetate)  to  afford  the  product  as  a  colorless  to  pale  yellow  oil  in  a  yield 
of  50-95%. 

General  Procedure  C  for  the  Synthesis  of  /?-Ketoesters  from 
Aminoacetates.  Ethyl  acetate  ( 1 10  mol  %)  was  added  to  a  THF  (5 
mL/mmol)  solution  of  LiHMDS  (l  N  in  THF,  120  mol  %)  at  -78  °C 
and  stirred  for  60  min.  A  THF  (l  mL/mmol)  solution  of  /?- 
aminoacetate  (l.O  equiv)  was  added  dropwise  to  the  reaction  mixture 
at  —78  °C.  After  the  resulting  solution  was  stirred  at  —78  °C  for 
another  2  h,  the  reaction  mixture  was  quenched  with  saturated  NH4C1. 
The  aqueous  layer  was  extracted  with  ethyl  acetate  and  washed  twice 
with  water  and  brine.  The  collected  organic  layers  were  combined, 
dried  over  Na2S04,  filtered,  and  concentrated.  The  crude  product  was 
purified  on  a  silica  gel  column,  eluting  with  a  mixture  of  ethyl  acetate 
and  hexane  (10—30%  ethyl  acetate)  to  afford  the  product  as  a  colorless 
to  pale  yellow  oil  in  a  yield  of  40—80%. 

General  Procedure  D  for  Direct  Amination  of  y-Halo-/?- 
ketoesters  with  Anilines.  To  a  solution  of  NaHC03  (200  mol  %), 
Nal  (200  mol  %),  and  the  aniline  (l  equiv)  in  acetonitrile  (l  mL/mol) 
was  added  ethyl  a- chloraceto acetate  (200  mol  %).  The  resulting 
reaction  mixture  was  stirred  at  room  temperature  or  at  80  °C  for  1  —  16 
h.  After  the  mixture  was  cooled  to  room  temperature,  saturated 
Na2S203  solution  (l  mL/mol)  was  added.  The  resulting  solution  was 
extracted  with  ethyl  acetate,  and  the  organic  layer  was  collected,  which 
was  then  washed  with  water  and  brine.  The  collected  organic  layers 
were  combined,  dried  over  Na2S04,  filtered,  and  concentrated.  The 
residue  was  subjected  to  column  chromatography,  eluting  with  a 
mixture  of  hexane  and  ethyl  acetate  (10—30%  ethyl  acetate)  to  afford 
the  product  as  a  pale  yellow  oil  in  a  yield  specified  in  the  our  published 
method  of  amination.19 

General  Procedure  E  for  the  Synthesis  of  Pyrazolones  from 
/?-Ketoesters.  To  a  solution  of  /Lketoesters  (l  equiv)  in  EtOH  (5 
mL/mmol)  was  added  anhydrous  hydrazine  (200  mol  %).  The 
resulting  solution  was  stirred  at  room  temperature  overnight.  After 
evaporation  of  the  volatiles,  the  reaction  residue  was  purified  on  a  silica 
gel  column,  eluting  with  a  mixture  of  MeOH  and  dichloromethane 
(2—10%  MeOH)  to  afford  the  product  as  a  colorless  to  pale  pink  solid. 
The  solid  was  then  recrystallized  in  dichloromethane/hexane  to  give 
the  pure  product  as  a  white  solid  in  a  yield  of  60—75%. 

5-((3,5-Dichlorophenylamino)methyl)-1H-pyrazol-3(2H)-one 
(2).  Following  general  procedures  A,  C,  and  E  provided  the 
phenylsulfonyl  protected  N-(3, 5-dichlorophenyl)-N-((5-oxo-2, 5-dihy¬ 
dro- lH-pyrazol-3-yl)methyl)benzenesulfonamide.  l¥L  NMR  (DMSO- 
d6,  500  MHz):  8  =  11.56  (br  s,  1H),  9.45  (br  s,  1H),  7.78-7.74  (m, 
1H),  7.64-7.63  (m,  4H),  7.56  (s,  1H),  7.14  (d,  /  =  1.5  Hz,  2H),  5.21 
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(s,  1H),  4.67  (s,  2H).  13C  NMR  (DMSO-4  125  MHz):  5  =  140.8, 

136.6,  133.8  X  2,  133.7  X  2,  129.6  X  2,  127.6  X  2,  127.5,  127.0  ppm. 
MS  (ESI):  m/z  398.0  [M  +  H]+. 

N-(3,5-Dichlorophenyl)-iV-((5-oxo-2,5-dihydro-lH-pyrazol-3-yl)- 
methyl)benzenesulfonamide  (398  mg,  1  mmol)  and  4-hydroxybenzoic 
acid  (800  mg,  5.8  mmol,  200%  weight)  were  added  to  a  solution  of 
HBr  (48%  in  H20,  4  mL)  and  AcOH  (4  mL).  After  the  resulting 
suspension  was  stirred  at  100  °C  for  2  h,  the  reaction  mixture  was 
partitioned  between  1  N  HCl  (10  mL)  and  ethyl  acetate  (30  mL  X  2). 
The  collected  organic  layers  were  combined,  dried  over  Na2S04, 
filtered,  and  concentrated.  The  residue  was  subjected  to  column 
chromatography,  eluting  with  a  mixture  of  MeOH  and  dichloro- 
methane  (5%  MeOH)  to  afford  2  (142  mg,  55%  yield)  as  a  white  solid. 
XH  NMR  (DMSO-4  500  MHz):  8  =  6.65  (t,  /  =  5.5  Hz,  1H),  6.61  (s, 
1H),  6.59,  (s,  2H),  5.35  (s,  1H),  4.10  (d,  /  =  5.0  Hz,  2H).  13C  NMR 
(DMSO-4  125  MHz):  8  =  150.7,  134.3  X  2,  114.6,  110.4  X  2  ppm. 
MS  (ESI):  m/z  280.0  [M  +  Na]+.  CHN  calculated  for  C10H9Cl2N3O: 
C,  46.53;  H,  3.51;  N,  16.28.  Found:  C,  46.44;  H,  3.61;  N,  16.36. 

5-(((3,5-Dichlorophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (3).  The  title  compound  was  prepared  according  to  general 
procedures  D  and  E.  'H  NMR  (DMSO-d6,  500  MHz):  5  =  9.93  (br  s, 
1H),  6.72  (m,  3H),  5.24  (s,  1H),  4.40  (s,  2H),  2.96  (s,  3H).  13C  NMR 
(DMSO-d6,  125  MHz):  5  =  150.8,  134.6  X  2,  114.8,  110.7  X  2,  88.1, 
47.9,  38.6  ppm.  MS  (ESI):  m/z  272.0  (M  +  H]+.  CHN  calculated  for 
CuHna2N30:  C,  48.55;  H,  4.07;  N,  15.44.  Found:  C,  48.80;  H,  4.13; 
N,  15.35. 

5-((Methyl(phenyl)amino)methyl)-1H-pyrazol-3(2H)-one  (4). 

The  title  compound  was  prepared  according  to  general  procedures  D 
and  E.  ‘H  NMR  ( DMSO-4  500  MHz):  5  =  7.15  (dt,  J  =  2.0,  7.5  Hz, 
2H),  6.76  (d,  /  =  8.0  Hz,  2H),  6.63  (t,  /  =  7.5  Hz,  1H),  5.21  (s,  1H), 
4.36  (s,  2H),  2.90  (s,  3H).  13C  NMR  (DMSO-4  125  MHz):  S  = 
149.0,  128.9  X  2,  116.3,  112.7,  88.4,  47.7,  38.3  ppm.  MS  (ESI):  m/z 
204.0  [M  +  H]+.  CHN  calculated  for  CuH13N30:  C,  65.01;  H,  6.45; 
N,  20.68.  Found:  C,  64.98;  H,  6.34;  N,  20.68. 

5-(((3-Methoxyphenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (5).  The  title  compound  was  prepared  according  to  general 
procedures  D  and  E.  'H  NMR  (DMSO-4  500  MHz):  S  =  11.47  (br  s, 
1H),  9.36  (br  s,  1H),  7.04  (t,  J  =  8.0  Hz,  1H),  6.35  (dd,  /  =  2.0,  7.5  Hz, 
1H),  6.26-6.21  (m,  2H),  5.21  (s,  1H),  4.33  (s,  2H),  3.68  (s,  3H),  2.89 
(s,  3H).  13C  NMR  (DMSO-4  125  MHz):  5  =  160.2,  150.3,  129.6, 

105.7,  101.6,  99.0,  88.8,  54.8,  38.4  ppm.  MS  (ESI):  m/z  234.1  [M  + 
H]+.  CHN  calculated  for  C12H15N302:  C,  61.79;  H,  6.48;  N,  18.01. 
Found:  C,  61.77;  H,  6.47;  N,  18.09. 

4- (Methyl((5-oxo-2,5-dihydro-1H-pyrazol-3-yl)methyl)- 
amino)benzonitrile  (6).  The  title  compound  was  prepared  according 
to  general  procedures  D  and  E.  *H  NMR  (DMSO-4  500  MHz):  S  = 
7.53  (d,  /  =  8.0  Hz,  2H),  6.82  (d,  J  =  8.0  Hz,  2H),  5.25  (s,  1H),  4.47 
(s,  2H),  3.04  (s,  3H).  13C  NMR  (DMSO-4  125  MHz):  S  =  151.6, 
133.2  X  2,  120.4,  112.2  X  2,  38.4  ppm.  MS  (ESI):  m/z  251.1  (M  + 
Na]+.  CHN  calculated  for  C12HI2N40:  C,  63.15;  H,  5.30;  N,  24.55. 
Found:  C,  62.87;  H,  5.35;  N,  24.34. 

5- (((4-Fluorophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (7).  The  title  compound  was  prepared  according  to  general 
procedures  D  and  E.  'H  NMR  (DMSO-4  500  MHz):  5  =  11.47  (br  s, 
1H),  9.34  (br  s,  1H),  7.00  (t,  J  =  4.0  Hz,  2H),  6.75  (ddd,  J  =  2.5,  4.5, 
11.0  Hz,  2H),  5.21  (s,  1H),  4.32  (s,  2H),  2.86  (s,  3H).  13C  NMR 
(DMSO-4  125  MHz):  S  =  160.3,  155.6,  153.8,  145.9,  141.5,  115.3, 
115.1,  114.1,  114.0,  88.2,  48.5,  38.7  ppm.  MS  (ESI):  m/z  222.1  [M  + 
H]+.  CHN  calculated  for  C,,Hl2FN30:  C,  59.72;  H,  5.47;  N,  18.99. 
Found:  C,  59.53;  H,  5.56;  N,  18.96. 

5-(((4-Chlorophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (8).  The  title  compound  was  prepared  according  to  general 
procedures  D  and  E.  *H  NMR  (DMSO-4  500  MHz):  <5  =  7.16  (t,  J  = 
8.5  Hz,  2H),  6.75  (d,  J  =  8.5  Hz,  2H),  5.20  (s,  1H),  4.36  (s,  2H),  2.90 
(s,  3H).  13C  NMR  (DMSO-4  125  MHz):  5  =  147.8,  128.5  X  2,  119.9, 
114.1  X  2,  88.3,  47.9,  38.5  ppm.  MS  (ESI):  m/z  238.1  [M  +  H]+. 
CHN  calculated  for  C„H12C1N30:  C,  55.59;  H,  5.09;  N,  17.68. 
Found:  C,  55.55;  H,  5.17;  N,  17.58. 

5-(((4-Bromophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (9).  The  title  compound  was  prepared  according  to  general 


procedures  D  and  E.  *H  NMR  (DMSO-4  500  MHz):  5  =  7.27  (d,  J  = 
7.5  Hz,  2H),  6.70  (d,  J  =  7.5  Hz,  2H),  5.21  (s,  1H),  4.36  (s,  2H),  2.90 
(s,  3H).  13C  NMR  (DMSO-4  125  MHz):  <5  =  148.1,  131.3  X  2,  114.7 
X  2,  107.4,  88.1,  47.9,  38.4  ppm.  MS  (ESI):  m/z  282.0  [M  +  H]+. 
CHN  calculated  for  C„H12BrN30:  C,  46.83;  H,  4.29;  N,  14.89. 
Found:  C,  46.93;  H,  4.30;  N,  14.87. 

5-(((3-Bromophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (10).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  'H  NMR  ( DMSO-4  500  MHz):  S  = 
1 1.50  (br  s,  1H),  9.45  (br  s,  1H),  7.08  (t,  /  =  8.0  Hz,  1H),  6.86  (s,  1H), 
6.75  (dt,  /  =  2.5,  8.0  Hz,  2H),  5.22  (s,  1H),  4.37  (s,  2H),  2.92  (s,  3H). 
13C  NMR  (DMSO-4  125  MHz):  S  =  150.3,  130.6,  122.6,  118.5, 

114.6,  111.5,  38.4  ppm.  MS  (ESI):  m/z  282.0  (M  +  H]+.  CHN 
calculated  for  CuH12BrN30:  C,  46.83;  H,  4.29;  N,  14.89.  Found:  C, 
46.92;  H,  4.36;  N,  14.87. 

5-(((3-Bromophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (11).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  'H  NMR  (DMSO-4  500  MHz):  S  = 
7.58  (dd,  /  =  1.0,  8.0  Hz,  1H),  7.30  (dt,  /  =  1.0,  8.0  Hz,  1H),  7.13  (dd, 
J  =  1.0,  8.0  Hz,  1H),  6.97  (dt,  /  =  1.0,  8.0  Hz,  1H),  5.24  (s,  1H),  4.02 
(s,  2H),  2.62  (s,  3H).  13C  NMR  (DMSO-4  125  MHz):  S  =  150.0, 

133.5,  128.4,  124.6,  122.6,  119.2,  39.0  ppm.  MS  (ESI):  m/z  282.0  [M 
+  H]+.  CHN  calculated  for  C„H12BrN30:  C,  46.83;  H,  4.29;  N,  14.89. 
Found:  C,  46.86;  H,  4.31;  N,  14.88. 

5-((Methyl(naphthalen-2-yl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (12).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  'H  NMR  (DMSO-4  500  MHz):  5  = 
7.70  (t,  /  =  9.0  Hz,  2H),  7.64  (d,  /  =  8.5  Hz,  1H),  7.34-7.28  (m,  2H), 
7.16  (dt,  /  =  1.0,  8.0  Hz,  1H),  6.97  (d,  J  =  2.0  Hz,  1H),  5.21  (s,  1H), 
4.49  (s,  2H),  3.00  (s,  3H).  13C  NMR  (DMSO-4  125  MHz):  S  = 
147.0,  134.6,  128.4,  127.2,  126.4,  126.1,  126.0,  121.9,  116.7,  38.5  ppm. 
MS  (ESI):  m/z  254.1  [M  +  H]+.  CHN  calculated  for  C15H15N30:  C, 
71.13;  H,  5.97;  N,  16.59.  Found:  C,  70.94;  H,  6.02;  N,  16.54. 

5-((Methyl(naphthalen-1-yl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (13).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  1 H  NMR  (DMSO-4  500  MHz):  5  = 
8.27  (d,  J  =  8.0  Hz,  1H),  7.90  (dt,  /  =  1.5,  7.5  Hz,  1H),  7.59  (d,  J  =  8.0 
Hz,  1H),  7.53-7.49  (m,  2H),  7.41  (t,  J  =  8.0  Hz,  1H),  7.14  (d,  /  =  7.0 
Hz,  1H),  5.31  (s,  1H),  4.08  (s,  2H),  2.73  (s,  3H).  13C  NMR  (DMSO- 
4  125  MHz):  5  =  149.0,  134.4,  128.5,  128.3,  125.9,  125.8,  125.4, 

123.6,  123.1,  115.7,  39.0  ppm.  MS  (ESI):  m/z  254.1  [M  +  H]+.  CHN 
calculated  for  ClsHlsN30:  C,  71.13;  H,  5.97;  N,  16.59.  Found:  C, 
71.29;  H,  6.01;  N,  16.51. 

5-(((3,4-Dichlorophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (14).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  *H  NMR  (DMSO-4  500  MHz):  S  = 
7.32  (d,  J  =  9.0  Hz,  1H),  6.91  (d,  /  =  3.0  Hz,  1H),  6.74  (dd,  /  =  3.0,  9.0 
Hz,  1H),  5.22  (s,  1H),  4.39  (s,  2H),  2.94  (s,  3H).  13C  NMR  (DMSO- 
4  125  MHz):  5  =  148.8,  131.3,  130.3,  117.3,  113.5,  112.9,  38.5  ppm. 
MS  (ESI):  m/z  272.0  [M  +  H]+.  CHN  calculated  for  C„HnCl2N30: 
C,  48.55;  H,  4.07;  N,  15.44.  Found:  C,  48.55;  H,  4.04;  N,  15.46. 

5-(((2,4-Dichlorophenyl)(methyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (15).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  *H  NMR  (DMSO-4  500  MHz):  S  = 
7.53  (d,  J  =  2.0  Hz,  1H),  7.31  (dd,  /  =  2.0,  8.5  Hz,  1H),  7.09  (d,  J  =  8.5 
Hz,  1H),  5.20  (s,  1H),  4.05  (s,  2H),  2.64  (s,  3H).  13C  NMR  (DMSO- 
4  125  MHz):  5  =  147.6,  129.7,  128.5,  127.6,  126.7,  123.3,  39.0  ppm. 
MS  (ESI):  m/z  272.0  [M  +  H]+.  CHN  calculated  for  CUHUC12N30: 
C,  48.55;  H,  4.07;  N,  15.44.  Found:  C,  48.33;  H,  4.18;  N,  15.21. 

5-(((3,5-Dichlorophenyl)(ethyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (16).  The  title  compound  was  prepared  according  to 
general  procedures  D  and  E.  'H  NMR  (DMSO-4  500  MHz):  5  = 
6.67  (m,  3H),  5.26  (s,  1H),  4.34  (s,  2H),  3.42  (d,  J  =  7.0  Hz,  2H),  1.06 
(t, /  =  7.0  Hz,  3H).  13C  NMR  (DMSO-4  125  MHz):  S  =  149.6,  134.6 
X  2,  114.3,  110.2  X  2,  44.8,  11.8  ppm.  MS  (ESI):  m/z  286.0  [M  +  H]+. 
CHN  calculated  for  C12H13C12N30:  C,  50.37;  H,  4.58;  N,  14.68. 
Found:  C,  50.54;  H,  4.58;  N,  14.68. 

5-(((3,5-Dichlorophenyl)(isopropyl)amino)methyl)-1H-pyra- 
zol-3(2H)-one  (17).  The  title  compound  was  prepared  according  to 
general  procedures  B,  C,  and  E.  l¥L  NMR  (DMSO-d6;  500  MHz):  8  = 
7.25—7.21  (m,  3H),  5.11  (s,  1H),  4.17  (s,  2H);  1.12  (m,  9H).  13C 
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NMR  (DMSO-4  125  MHz):  8  =  150.5,  134.5  X  2,  114.6,  110.9  X  2, 
48.1,  19.5  X  2  ppm.  MS  (ESI):  m/z  300.1  [M  +  H]+.  CHN  calculated 
for  C13H15C12N30:  C,  52.01;  H,  5.04;  N,  14.00.  Found:  C,  52.10;  H, 
5.19;  N,  13.87. 

5-((ferf-Butyl(3,5-dichlorophenyl)amino)methyl)-1H-pyra- 
zol-3(2H)-one  (18).  The  title  compound  was  prepared  according  to 
general  procedures  B,  C,  and  E.  'H  NMR  (DMSO-d6,  500  MHz):  8  = 
6.68-6.67  (m,  3H),  5.22  (s,  1H),  4.25  (s,  2H),  4.17-4.15  (m,  1H), 

I. 13  (d,  /  =  7.0  Hz,  6H).  13C  NMR  (DMSO-d6,  125  MHz):  <5  =  151.4, 
133.0  X  2,  127.4,  123.9,  55.7,  17.8  X  3  ppm.  MS  (ESI):  m/z  314.1  [M 
+  H]+.  CHN  calculated  for  C14H17C12N30:  C,  53.52;  H,  5.45;  N, 
13.37.  Found:  C,  53.45;  H,  5.45;  N,  13.40. 

5-((Cydopropyl(3,5-dichlorophenyl)amino)methyl)-1H-pyra- 
zol-3(2H)-one  (19).  The  title  compound  was  prepared  according  to 
general  procedures  B,  C,  and  E.  *H  NMR  (DMSO-d6,  500  MHz):  8  = 

9.42  (br  s,  1H),  6.86  (s,  2H),  6.74  (s,  1H),  5.10  (s,  1H),  4.37  (s,  2H), 

2.43  (s,  1H),  0.83-0.82  (m,  2H),  0.55  (s,  2H).  13C  NMR  (DMSO-d6, 
125  MHz):  8  =  151.3,  134.2  X  2,  116.1,  112.3  X  2,  88.4,  46.7,  32.2,  9.1 
X  2  ppm.  MS  (ESI):  m/z  298.0  [M  +  H]+.  CHN  calculated  for 
C13H13C12N30:  C,  52.37;  H,  4.39;  N,  14.09.  Found:  C,  52.33;  H,  4.37; 
N,  14.89. 

5-((Benzyl(3,5-dichlorophenyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (20).  The  title  compound  was  prepared  according  to 
general  procedures  B,  C,  and  E.  *H  NMR  (DMSO-d6,  500  MHz):  8  = 
7.34  (t,  /  =  7.5  Hz,  2H),  7.25  (t,  J  =  7.5  Hz,  1H),  7.21  (d,  J  =  7.5  Hz, 
2H),  6.70  (s,  1H),  6.68  (s,  2H),  5.32  (s,  1H),  4.66  (s,  2H),  4.52  (s, 
2H).  13C  NMR  (DMSO-4  125  MHz):  8  =  150.0,  137.8,  134.4  X  2, 
128.6  X  2,  127.0,  126.4  X  2,  115.0,  110.8  X  2,  53.8  ppm.  MS  (ESI):  m/ 
z  298.0  [M  +  H]+.  CHN  calculated  for  C17H15C12N30:  C,  58.63;  H, 
4.34;  N,  12.07.  Found:  C,  59.01;  H,  4.63;  N,  11.83. 

5-(((3,5-Dichlorophenyl)(phenyl)amino)methyl)-1H-pyrazol- 
3(2H)-one  (21).  The  title  compound  was  prepared  according  to 
general  procedures  B,  C,33  and  E.  'H  NMR  (DMSO-d6,  500  MHz):  8 
=  1 1.59  (br  s,  1H),  9.65  (br  s,  1H),  7.43  (t,  /  =  7.0  Hz,  2H),  7.28-7.22 
(m,  3H),  6.88  (s,  1H),  6.72  (s,  2H),  5.24  (s,  1H),  4.77  (s,  2H).  13C 
NMR  (DMSO-4  125  MHz):  8  =  150.0,  145.6,  134.4  X  2,  130.0  X  2, 
125.8  X  2,  125.6,  117.2,  113.8  X  2  ppm.  MS  (ESI):  m/z  334.0  [M  + 
H]+.  CHN  calculated  for  C16H13C12N30:  C,  57.50;  H,  3.92;  N,  12.57. 
Found:  C,  57.70;  H,  4.27;  N,  12.94. 

5-(((3,5-Dichlorophenyl)(prop-2-ynyl)amino)methyl)-1H- 
pyrazol-3(2H)-one  (22).  The  title  compound  was  prepared 
according  to  general  procedures  B,  C,  and  E.  'H  NMR  (DMSO-d6, 
500  MHz):  8  =  6.82  (s,  3H),  5.35  (s,  1H),  4.41  (s,  2H),  4.21  (d,  /  = 
2.0  Hz,  2H),  3.26  (d,  /  =  2.0  Hz,  1H).  13C  NMR  (DMSO-d6,  125 
MHz):  <5  =  149.4,  134.4  X  2,  116.1,  111.8  X  2,  89.1,  79.6,  75.2  ppm. 
MS  (ESI):  m/z  296.1  [M  +  H]+.  CHN  calculated  for  C13HnCl2N30: 
C,  52.72;  H,  3.74;  N,  14.19.  Found:  C,  52.63;  H,  3.91;  N,  13.92. 

5-(2-((3,5-Dichlorophenyl)(methyl)amino)ethyl)-1H-pyrazol- 
3(2H)-one  (23).  The  title  compound  was  prepared  according  to 
general  procedures  A,  C,  and  E.  'H  NMR  (DMSO-d6,  500  MHz):  8  = 

I I. 35  (br  s,  1H),  9.41  (br  s,  1H),  6.69  (d,  /  =  1.5  Hz,  1H),  6.66  (d,  J  = 
2.0  Hz,  2H),  5.33  (s,  1H),  3.54  (t,  J  =  7.5  Hz,  2H),  2.85  (s,  3H),  2.64 
(t,  /  =  7.5  Hz,  2H).  13C  NMR  (DMSO-d6,  125  MHz):  8  =  150.4,  134.7 
X  2,  114.3,  110.0  X  2,  88.7,  51.1,  37.9  ppm.  MS  (ESI):  m/z  286.0  [M 
+  H]+.  CHN  calculated  for  C12H13C12N30:  C,  50.37;  H,  4.58;  N, 
14.68.  Found:  C,  50.66;  H,  4.80;  N,  14.58. 

5-(3-((3,5-Dichlorophenyl)(methyl)amino)propyl)-1H-pyra- 
zol-3(2H)-one  (24).  The  title  compound  was  prepared  according  to 
general  procedures  B,  C,  and  E.  *H  NMR  (DMSO-d6,  500  MHz):  8  = 
11.27  (br  s,  1H),  9.30  (br  s,  1H),  6.66  (d ,/=  1.5  Hz,  1H),  6.61  (d ,/  = 

1.5  Hz,  2H),  5.26  (s,  1H),  3.32  (t ,/  =  7.5  Hz,  2H),  2.88  (s,  3H),  2.45 
(t,  J  =  7.5  Hz,  2H),  1.76-1.73  (m,  2H).  13C  NMR  (DMSO-d6,  125 
MHz):  <5  =  150.7,  134.7  X  2,  114.0,  109.8  X  2,  50.9,  38.0,  25.4  ppm. 
MS  (ESI):  m/z  300.1  [M  +  H]+.  CHN  calculated  for  C13Hi5C12N30: 
C,  52.01;  H,  5.04;  N,  14.00.  Found:  C,  52.23;  H,  5.14;  N,  14.94. 

5-(lndolin-1-ylmethyl)-1  H-pyrazol-3(2H)-one  (25).  The  title 
compound  was  prepared  according  to  general  procedures  D  and  E.  'H 
NMR  (DMSO-4  500  MHz):  8  =  7.02  (d,  /  =  7.0  Hz,  1H),  6.98  (t, /  = 

7.5  Hz,  1H),  6.62  (d,  /  =  7.5  Hz,  1H),  6.58  (t,  /  =  7.5  Hz,  1H),  5.31  (s, 
1H),  4.12  (s,  2H),  3.24  (t,  /  =  8.0  Hz,  2H),  2.85  (t,  J  =  8.0  Hz,  2H). 


13C  NMR  (DMSO-d6,  125  MHz):  8  =  151.7,  129.8,  127.0,  124.3, 

117.5,  107.5,  89.0,  52.6,  44.0,  27.9  ppm.  MS  (ESI):  m/z  216.1  [M  + 
H]+.  CHN  calculated  for  C12H13N30:  C,  66.96;  H,  6.09;  N,  19.52. 
Found:  C,  66.85;  H,  6.11;  N,  19.44. 

5-((3,4-Dihydroquinolin-1(2H)-yl)methyl)-1H-pyrazol-3(2H)- 
one  (26).  The  title  compound  was  prepared  according  to  general 
procedures  D  and  E.  'H  NMR  (DMSO-d6,  500  MHz):  8  =  6.91  (t,  /  = 
7.0  Hz,  1H),  6.86  (d,  J  =  7.0  Hz,  1H),  6.64  (d,  /  =  8.5  Hz,  1H),  6.47  (t, 
/  =  7.5  Hz,  1H),  5.26  (s,  1H),  4.28  (s,  2H),  3.28  (t,  J  =  5.5  Hz,  2H), 
2.66  (t,  J  =  5.5  Hz,  2H),  1.87  (p,  J  =  6.0  Hz,  2H).  13C  NMR  (DMSO- 
d6,  125  MHz):  8  =  144.9,  128.8,  126.7,  122.2,  115.8,  111.2,  88.4,  49.1, 

46.5,  39.0,  27.5,  21.8  ppm.  MS  (ESI):  m/z  216.1  [M  +  H]+.  CHN 
calculated  for  C13H1SN30:  C,  68.10;  H,  6.59;  N,  18.33.  Found:  C, 
68.02;  H,  6.60;  N,  18.29. 

5- (3,5-Dichlorophenyl)-4,5,6,7-tetrahydro-1H-pyrazolo[4,3- 
c]pyridin-3(2H)-one  (27).  The  title  compound  was  prepared 
according  to  the  literature  procedure34  and  general  procedure  E.  1 H 
NMR  (DMSO-d6,  500  MHz):  8  =  6.95  (s,  2H),  6.82  (d,  /  =  1.5  Hz, 
1H),  4.06  (s,  2H),  3.59  (t,  J  =  6.0  Hz,  1H),  2.63-2.62  (m,  2H).  13C 
NMR  (DMSO-d6,  125  MHz):  8  =  152.1,  134.7  X  2,  116.4,  112.9  X  2, 
45.0,  43.0  ppm.  MS  (ESI):  m/z  284.0  [M  +  H]+.  CHN  calculated  for 
Ci2HuC12N30:  C,  50.72;  H,  3.90;  N,  14.79.  Found:  C,  50.53;  H,  4.03; 
N,  14.83. 

6- (3,5-Dichlorophenyl)-4,5,6,7-tetrahydro-1  H-pyrazolo[3,4- 
c]pyridin-3(2H)-one  (28).  The  title  compound  was  prepared 
according  to  the  literature  procedure34  and  general  procedure  E.  'H 
NMR  (DMSO-d6,  500  MHz):  8  =  6.96  (d,  J  =  1.5  Hz,  2H),  6.83  (d,  / 
=  1.5  Hz,  1H),  4.26  (s,  2H),  3.55  (t,  J  =  6.0  Hz,  2H),  3.16  (d,  /  =  5.0 
Hz,  1H),  2.41-2.39  (m,  2H).  13C  NMR  (DMSO-4  125  MHz):  8  = 
152.0,  134.7  X  2,  116.6,  113.1  X  2,  46.2,  29.5,  18.6  ppm.  MS  (ESI):  m/ 
z  284.0  [M  +  H]+.  CHN  calculated  for  C12HUC12N30:  C,  50.72;  H, 
3.90;  N,  14.79.  Found:  C,  50.51;  H,  3.78;  N,  14.57. 

2-Benzyl-5-(((3,5-dichlorophenyl)(methyl)amino)methyl)- 
1H-pyrazol-3(2H)-one  (29).  To  a  solution  of  ethyl  4- ((3,5- 
dichlorophenyl)(methyl)amino)-3-oxobutanoate  (304  mg,  1.0  mmol) 
and  benzylhydrazine  dihydrochloride  (388  mg,  2.0  mmol)  in  EtOH  (5 
mL)  was  added  anhydrous  triethylamine  (570  uL,  4.0  mmol).  The 
resulting  solution  was  stirred  at  room  temperature  overnight.  After 
evaporation  of  the  volatiles,  the  residue  was  purified  on  a  silica  gel 
column,  eluting  with  a  mixture  of  MeOH  and  dichloromethane  (l— 2% 
MeOH)  to  afford  the  product  as  a  pale  yellow  solid  (320  mg,  88%). 
The  solid  was  then  recrystallized  in  dichloromethane/hexane  to  give 
the  product  as  a  white  solid.  lH  NMR  (DMSO-d6,  500  MHz):  8  = 
11.00  (br  s,  1H),  7.28  (t,  /  =  7.0  Hz,  2H),  7.23  (d,  /  =  7.0  Hz,  1H), 
7.11  (d,  /  =  7.0  Hz,  2H),  6.74  (d,  /  =  1.5  Hz,  2H),  6.69  (s,  1H),  5.12 
(s,  1H),  5.01  (s,  2H),  4.33  (s,  2H),  2.98  (s,  2H).  13C  NMR  (DMSO- 
d6,  125  MHz):  8  =  152.7,  151.0,  146.8,  138.0,  134.4  X  2,  128.4  X  2, 
127.1,  127.0  X  2,  114.4,  110.6  X  2,  84.6,  50.3,  49.2,  38.9  ppm.  MS 
(ESI):  m/z  284.0  [M  +  H]+.  CHN  calculated  for  C18H17C12N30:  C, 
59.68;  H,  4.73;  N,  11.60.  Found:  C,  59.79;  H,  4.68;  N,  11.48. 

5-(((3,5-Dichlorophenyl)(methyl)amino)methyl)-2-methyl- 
1H-pyrazol-3(2H)-one  (30).  To  a  solution  of  ethyl  4-((3,5- 
dichlorophenyl)(methyl)amino)-3-oxobutanoate  (304  mg,  1.0  mmol) 
in  EtOH  (5  mL)  was  added  anhydrous  methylhydrazine  (105  //L,  2.0 
mmol).  The  resulting  solution  was  stirred  at  room  temperature 
overnight.  After  evaporation  of  the  volatiles,  the  residue  was  purified 
on  a  silica  gel  column,  eluting  with  a  mixture  of  MeOH  and 
dichloromethane  (2—10%  MeOH)  to  afford  the  product  as  a  pale 
yellow  solid  (231  mg,  81%).  The  solid  was  then  recrystallized  in 
dichloromethane/hexane  to  give  the  product  as  a  white  solid.  XH 
NMR  (DMSO-4  500  MHz):  8  =  6.72  (d,  /  =  1.5  Hz,  2H),  6.68  (t,  /  = 
1.5  Hz,  1H),  5.13  (s,  1H),  4.29  (s,  2H),  3.43  (s,  3H),  2.95  (s,  3H).  13C 
NMR  (DMSO-4  125  MHz):  8  =  152.5,  151.0,  146.0,  134.4  X  2, 
114.3,  110.4  X  2,  84.5,  49.9,  38.5,  33.0  ppm.  MS  (ESI):  m/z  286.1  [M 
+  H]+.  CHN  calculated  for  C12H13C12N30:  C,  50.37;  H,  4.58;  N, 
14.68.  Found:  C,  50.60;  H,  4.65;  N,  14.62.  FTIR  (solid),  v  1591,  1552, 
1495,  1445,  1309,  1272,  1094,  1012,  980,  950,  813,  756,  662  cm-1; 
(DMSO),  v  1591,  1552,  1436,  1309,  1042  (bw),  950,  806,  756,  697, 
663  cm-1. 
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5-(((3,5-Dichlorophenyl)(rnethyl)amino)methyl)-1-methyl- 
1H-pyrazol-3(2H)-one  (31).  Compound  37  (115  mg,  0.37  mmol) 
was  suspended  in  2  N  HCl  (7  mL)  and  stirred  at  60  °C  overnight. 
Ethyl  acetate  was  added  to  the  mixture,  and  the  organic  layer  was 
separated,  washed  with  water  and  brine,  dried  over  Na2S04,  and 
concentrated.  The  residue  was  purified  on  a  silica  gel  column,  eluting 
with  a  mixture  of  MeOH  and  dichloromethane  (4%  MeOH)  to  afford 
the  product  as  a  white  solid  (55  mg,  52%).  l¥L  NMR  (DMSO-d6,  500 
MHz):  8  =  9.42  (s,  1H),  6.75  (m,  3H),  5.08  (s,  1H),  4.54  (s,  2H),  3.52 
(s,  3H),  2.94  (s,  3H).  13C  NMR  (DMSO-d6,  125  MHz):  8  =  159.5, 
150.8,  139.4,  134.6  X  2,  115.0,  110.7  X  2,  89.7,  46.9,  38.2,  35.7  ppm. 
MS  (ESI):  m/z  286.1  [M  +  H]+.  CHN  calculated  for  C12H13C12N30: 
C,  50.37;  H,  4.58;  N,  14.68.  Found:  C,  50.57;  H,  4.73;  N,  14.74.  FTIR 
(solid),  v  1587,  1552,  1493,  1447,  1345,  1125,  1098,  1018,  959,  813, 
801,  774,  663  cm-1;  (DMSO),  v  1587,  1552,  1493,  1435,  1282,  1043 
(bw),  952,  800,  697,  664  cm-1. 

5-(((3,5-Dichlorophenyl)(methyl)amino)methyl)-1,2,4-tri- 
methyl-1H-pyrazol-3(2H)-one  (32).  A  solution  of  compound  30 
(200  mg,  0.7  mmol),  Mel  (132  //L,  2.1  mmol),  and  K2C03  (290  mg, 
2.1  mmol)  in  acetonitrile  (3.5  mL)  was  stirred  at  50  °C  for  24  h.  After 
evaporation  of  the  volatiles,  the  residue  was  purified  on  a  silica  gel 
column,  eluting  with  a  mixture  of  MeOH  and  dichloromethane  (l— 5% 
MeOH)  to  afford  the  product  (compounds  32—34)  as  a  pale  yellow 
solid  or  liquid.  lU  NMR  (CDC13,  500  MHz):  8  =  6.78  (t,  /  =  1.5  Hz, 
1H),  6.65  (d,  /  =  1.5  Hz,  2H),  4.23  (s,  2H),  3.32  (s,  3H),  3.08  (s,  3H), 
2.82  (s,  3H),  1.86  (s,  3H).  13C  NMR  (CDC13,  125  MHz):  8  =  166.5, 
151.1,  147.3,  136.0  X  2,  118.2,  111.9  X  2,  108.7,  46.7,  37.6,  35.0,  29.1, 
7.27  ppm.  MS  (ESI):  m/z  314.1  [M  +  H]+. 

5-(((3,5-Dichlorophenyl)(rnethyl)amino)methyl)-1,2-dimeth- 
yl-1H-pyrazol-3(2H)-one  (33).  NMR  (CDC13,  500  MHz):  5  = 
6.76  (t,  /  =  1.5  Hz,  1H),  6.57  (d,  /  =  2.0  Hz,  2H),  5.28  (s,  1H),  4.27  (s, 
2H),  3.38  (s,  3H),  3.25  (s,  3H),  2.96  (s,  3H).  13C  NMR  (CDC13,  125 
MHz):  8  =  166.0,  151.4,  150.4,  135.9  X  2,  118.0,  111.4  X  2,  98.1,  49.0, 
38.7,  34.2,  28.8  ppm.  MS  (ESI):  m/z  300.1  [M  +  H]+. 

3-(((3,5-Dichlorophenyl)(methyl)amino)methyl)-1,4,4-tri- 
methyl-1  H-pyrazol-5(4H)-one  (34).  lH  NMR  (CDC13,  500  MHz): 
8  =  6.72  (t,  /  =  1.5  Hz,  1H),  6.58  (d,  /  =  1.5  Hz,  2H),  4.17  (s,  2H), 
3.30  (s,  3H),  3.00  (s,  3H),  1.23  (s,  6H).  13C  NMR  (CDC13,  125 
MHz):  8  =  178.4,  162.6,  150.6,  135.8  X  2,  117.2,  110.9  X  2,  50.6,  48.0, 
39.3,  31.5,  21.3  ppm.  MS  (ESI):  m/z  314.1  [M  +  H]+. 

3,5-Dichloro-/V-((2,3-dihydropyrazolo[5/1-b]oxazol-6-yl)- 
methyl)-A/-methylaniline  (36).  To  a  solution  of  ethyl  4-((3,5- 
dichlorophenyl)  (methyl) amino) -3-oxobutanoate  (304  mg,  1.0  mmol) 
in  EtOH  (5  mL)  was  added  2-hydroxyethylhydrazine  (85  uL,  1.1 
mmol),  and  the  mixture  was  stirred  for  3  h.  After  evaporation  of  the 
volatiles,  the  residues  were  dissolved  with  dry  acetonitrile  (10  mL)  and 
triethylamine  (156  uL,  1.1  mmol)  followed  by  the  addition  of  tosyl 
chloride  (190  mg,  1.0  mmol).  The  solution  was  stirred  for  20  min, 
diluted  in  ethyl  acetate  (20  mL),  washed  with  water  (10  mL),  dried 
over  Na2S04,  and  concentrated.  The  residue  was  purified  on  a  silica 
gel  column,  eluting  with  a  mixture  of  MeOH  and  dichloromethane 
(2%  MeOH)  to  afford  the  product  as  a  pale  yellow  liquid  35  (400  mg, 
85%). 

Under  an  inert  atmosphere,  35  was  dissolved  in  anhydride 
acetonitrile  (8.5  mL)  followed  by  the  addition  of  sodium  hydride 
(40  mg,  1.0  mmol).  The  mixture  was  stirred  overnight  at  room 
temperature  and  evaporated  to  give  the  residue,  which  was  purified  on 
a  silica  gel  column,  eluting  with  a  mixture  of  MeOH  and 
dichloromethane  (l%  MeOH)  to  afford  the  product  as  a  pale  yellow 
solid  36  (200  mg,  79%).  JH  NMR  (CDC13,  500  MHz):  8  =  6.66  (d,  / 
=  1.5  Hz,  1H),  6.63  (d,  /  =  1.5  Hz,  2H),  5.19  (s,  1H),  5.00  (dd,  /  =  7.5, 
9.0  Hz,  2H),  4.36  (s,  2H),  4.25  (t,  /  =  7.5  Hz,  2H),  2.99  (s,  3H).  13C 
NMR  (CDC13,  125  MHz):  8  =  159.7,  155.0,  151.0,  135.6  X  2,  116.4, 
111.0  X  2,  79.5,  75.3,  51.6,  45.4,  38.8  ppm.  MS  (ESI):  m/z  298.0  [M  + 
H]+. 

5-(((3,5-Dichlorophenyl)(rnethyl)amino)methyl)-1-methyl-2- 
vinyl-1H-pyrazol-3(2H)-one  (37).  To  a  solution  of  compound  36 
(200  mg,  0.67  mmol)  in  anhydrous  acetonitrile  (6  mL)  was  added 
methyl  trifluoromethanesulfonate  (85  fiL,  0.75  mmol),  and  the 
solution  was  stirred  for  2  h  before  the  addition  of  sodium  iodide 


(195  mg,  1.3  mmol)  and  TsOH  (127  mg,  0.67  mmol).  After 
conversion  to  the  iodinated  intermediate  by  overnight  stirring,  KO-t- 
Bu  (188  mg,  1.7  mmol)  was  added  to  the  mixture,  which  was  further 
stirred  for  1  h.  After  evaporation  of  the  volatiles,  the  residue  was 
purified  on  a  silica  gel  column,  eluting  with  a  mixture  of  MeOH  and 
dichloromethane  (4%  MeOH)  to  afford  the  product  as  a  yellow  liquid 
(115  mg,  55%).  lU  NMR  (CDC13,  500  MHz):  8  =  6.85  (dd,  /  =  9.0, 
16.0  Hz,  1H),  6.77  (t,  /  =  1.5  Hz,  2H),  6.56  (d,  /  =  1.5  Hz,  2H),  5.37 
(s,  1H),  4.88-4.80  (m,  2H),  4.31  (s,  2H),  3.17  (s,  3H),  2.99  (s,  3H). 
13C  NMR  (CDC13,  125  MHz):  8  =  165.4,  159.2,  150.3,  136.0  X  2, 
126.3,  118.0,  111.3  X  2,  101.1,  99.5,  49.6,  39.0,  37.3  ppm. 

Mutant  SOD1 -Induced  Cytotoxicity  Protection  Assay. 
Viability  and  ECS0  values  were  determined  for  la,  lb,  2a,  and  2b 
according  to  the  previously  reported  assay  procedure.15  PC  12  cells 
were  seeded  at  15  000  cells/well  in  96-well  plates  and  incubated  24  h 
prior  to  compound  addition.  Compounds  were  assayed  in  12-point 
dose— response  experiments  to  determine  potency  and  efficacy.  The 
highest  compound  concentration  tested  was  32  //M,  which  was 
decreased  by  one-half  with  each  subsequent  dose.  After  a  24  h 
incubation  with  the  compounds,  MG  132  was  added  at  a  final 
concentration  of  100  nM.  MG  132  is  a  well-characterized  proteasome 
inhibitor,  which  would  be  expected  to  enhance  the  appearance  of 
protein  aggregation  by  blocking  the  proteosomal  clearance  of 
aggregated  proteins.  Cell  viability  was  measured  48  h  later  using  the 
fluorescent  viability  probe  Calcein -AM  (Molecular  Probes).  Briefly, 
cells  were  washed  twice  with  PBS.  Calcein-AM  was  added  at  a  final 
concentration  of  1  ^M  for  20  min  at  room  temperature,  and 
fluorescence  intensity  was  read  in  a  POLARstar  fluorescence  plate 
reader  (BMG).  Fluorescence  data  were  coupled  with  compound 
structural  data,  then  stored  and  analyzed  using  the  CambridgeSoft 
Chemoffice  Enterprise  Ultra  software  package. 

In  Vitro  ADME  Assays.  In  vitro  microsomal  stability,  aqueous 
solubility,  and  Caco-2  permeability  were  determined  for  lb  and  2b  at 
Apredica  Inc.  (Watertown,  MA). 

Computational  Methods.  Possible  initial  tautomer  structures 
were  constructed  with  molecular  modeling  software  Sybyl-X  1.2 
(Tripos  International,  St.  Louis,  MO).  After  primary  optimization  by 
use  of  MM2  molecular  mechanical  module  encoded  in  the  program 
CS  Chem3D,  these  two  structures  were  subjected  to  full  optimization 
within  the  density-functional  theory  (DFT).  The  Lee— Yang— Parr 
correlation  functional  approximation  (B3LYP)  method  was  used  in  a 
6-31+G(d,p)  basis  set.35,36  On  the  basis  of  the  optimized  geometries, 
energy  or  frequency  calculations  were  carried  out  at  the  same  levels  of 
B3LYP  to  verify  the  reasonability  of  the  optimized  structures.  A 
frequency  scaling  factor  of  0.964  was  used  in  the  comparison  of  the 
calculated  results  with  the  experimental  spectra.37  All  of  the  Quantum 
Chemical  calculations  were  carried  out  with  the  Gamess  (2012R1) 
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program. 
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